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ABSTRACT.
Many new compounds of ruthenium(II) and ruthenium(III) 
have been prepared- and investigated by infra-red, magnetic and 
other techniques* Ammonium and potassium tris(oxalato)ruthenate 
(III) , obtained from the hydrated trichloride,have been-esta­
blished as convenient starting materials not only for the 
X^reparation of ethylenediamine complexes of rutheniUm(Ili) ^  
but also for aniline complexes of r u th e ni um(111) and 
ru thcnium(11).
Ruthenium(lll) complexes of the typ;e:-
«!«•
[Rl CRuX^(substituted aniline)^* ( R = K, Cs, Anilinium,
*f” p- — — .
(CH ). N and X = 0.5(0x “), Cl, Br, I ), have been pxrepared
and investigated. They are all paramagnetic with magnetic 
moments of about 2.1 B.M. at room temperature. Infra-red and 
far infra-red spectra have been used to make tentative dis­
tinctions between cis and trans structures.
Diamagnetic ruthenium(Il) complexes of the typ>e:- 
[Ru(substituted aniline^lX^ and Hu(substituted anilino)
( X = Br~) have been made from the above ruthenium(III) com­
plexes and from their visible and ultra-violet spectra, various 
ligand-field parameters have been calculated.
Various diamagnetic complexes of ruthe-nium(Il) have 
been prepared with ligands containing -N=C-C=:N- groups and 
compared with the analogous iron(II) complexes.
An attempt was made to prepare a number of amino- 
acid complexes of ruthenium(III), but the complex of picolinic- 
acid, Ru(picolinic acid)_.RLO, was the only pure compound 
obtained.
A C K N O W  L; E D G M E N T S
The author wishes to express his thanks to 
Professor J.E.Salmon and Dr. I.E.Larkworthy under whose 
supervision this work was carried out. Thanks are also due 
to Dr. J.I.Bullock and Dr. A.V.Butcher for many useful, 
discussions, and to International Nickel Ltd.(London) for 
the award of a Research Scholarship;
Finally the author wishes to thank his parents for 
their constant support and encouragement.
CONTENTS. page
ABSTRACT 2
ACKNOWLEDGMENTS 3
CONTENTS 4
ABBREVIATIONS 6
CHAPTER 1 INTRODUCTION
1. Chemistry of Ruthenium 8
2. Aniline-metal complexes 19
3# Object of the work 21
CHAPTER 2 EXPERIMENTAL TECHNIQUES 22
CHAPTER 3 STARTING. MATERIALS
1. Introduction 32
2. Experimental 33
3. Results and discussion 33
CHAPTER 4- ANILINE-OXALATO COMPLEXES OF
RUTHENIUM(III)
1. Introduction 4-1
2. Experimental 4-2
3. Results and discussion 4-8
page
CHAPTER- 3
CHAPTER 6
CHAPTER 7
CHAPTER ’8
CHAPTER 9
REFERENCES
ANILINE-HALIDE COMPLEXES OF RUTHENIUM(lIl)
1. Introduction 69
2* Experimental 71
3* Results and discussion 75
ANILINE COMPLEXES OF .RUTHENIUM (II)
1. Introduction 98
2. Experimental 99
3. Results and discussion 103
3.1 6:1 Aniline complexes 103
3.2 A:I Anilineccomplexes 115
FAR INFRA-RED SPECTRA 
1. Introduction 127
.1 2:1 Aniline complexes 132
.2* 6:1. .Aniline complexes 136
.3. 4-:! Aniline complexes 138
HETEROCYCLIC AMINE COMPLEXES OF RUTHENIUM(ll)
1. Introduction 14.2
2. Experimental 14.4.
3. Results and discussion 14-8
AMINO-ACID.COMPLEXES OF-RUTHENIUM(III)
1. Introduction 166
2. Experimental 167
3* Results and discussion 168
174-
ABBREVIATIONS
py. pyridine
Ox. oxalate ion
en ethylenediamine
diphos 1,2-bis(dimethylphosphino)ethane
acac acetylacetonato ion
diars o-phenylenebisdimethylarsine
Ph phenyl
Et ethyl
o-phen 1,10 phe.ianthroline
bipy 2,25 bipyridyl
Anil.H anilinium cation
Ac acetate ion
R^NCS^ N,N-dialkyldithiocarbanato ion
Cp cyclopentadiene
Y-pic Jjf -picoline
2,2. P. B.- 2- (2-pyr idyl) benzimidazole
B.P.E. bis(pyridinal)ethylenediamine
P.M.I. 2-pyridinal methylimine
G.M.I. glyoxal-bis-methylimine
2.P.p-tol 2-pyr-idinal p-tolylimine
pyH pyridinium ion
E.D.T.A. ethylenediaminetetraacetic acid
PcH^ phthalocyanine
CHAPTER 1
INTRODUCTION
1. CHEMISTRY OF RUTHENIUM.
1*1 General Discussion.
7 1Ruthenium has the ground state configuration [Kr], 4d , 5s 
and exhibits oxidation states from (0) to (VIII) because of its 
partly filled 4d orbitals. It is below iron in the periodic 
classification and it is the first member of the platinum metals.
GROUP- VIII
1st. transition series Fe Co Ni
2nd. transition series Ru Rh Pdh
i platinum metals 
3rd. transition series Os Ir P t )
Like the other platinum metals, ruthenium has a high melting point, 
great inertness towards acids and oxidising agents, and catalytic 
power.
Chemically, ruthenium resembles the other Group VIII 
elements, but it also has marked differences. Its higher oxidation 
states are more stable than those of iron. This is typical of the 
difference between elements of the first and second transition 
series. Ruthenium resembles osmium more closely than it does iron, 
particularly in oxidation states (II), (I) and (0), and in its 
oxides and fluorides. Due to the lanthanide contraction, osmium 
and ruthenium have similar atomic radii, which partly explains their- 
chemical similarity.
Atomic Radii (A)
Fe 1.165 Ru 1.241 Os 1.255 
Ruthenium has two important differences from the other platinum 
metals. One is its tendency, particularly in oxidation state (IV), to 
form polynuclear complexes with oxide, nitride or hydroxy bridges. 
Osmium has this property, but to a much less extent. Secondly,
ruthenium forms more nitrosyl complexes than any other metal.
Of the few simple salts of ruthenium only the halides are
well characterised. Coordination compounds of ruthenium are usually
octahedral, and like complexes of the elements of the second (and
third) transition series, spin-paired. Magnetic moments of a large
number of ruthenium compounds have been measured and these agree
with a spin-paired formulation^*
Ruthenium (VIII),(VII) and(VX).
The tetroxide is the only established ruthenium (VIII)
compound. It is an even more powerful oxidising agent than its
osmium analogue. Oxidation state (VII) is represented by the peru­
sethenates e.g. K[RuO^]. These easily break down to ruthenatesCRuO^] 
in aqueous solution. Many stable osmyl compounds of type 
[OsO^NH^^lCl^ are known but only a few unstable ruthenyl compounds 
e.g. Cs2CRu02C1^]* are known.
Ruthenium (V)i(IV) and (III);
Ruthenium (V) complexes are represented solely by the 
pentafluoride and the salts of [RuF^j . Many ruthenium (IV) com­
pounds are known but they are less stable than their osmium analogues. 
Eexahaloruthenates are reduced to the ruthenium (III) species more 
easily than hexahaloosmates are to osmium (III). The commonest and 
most important oxidation state of the element is ruthenium (III).
Its chemistry resembles that of rhodium and iridium more closely 
than that of osmium*
Ruthenium (II), (I ) and (0).
Ruthenium (II) forms many amine, phosphine, arsine and 
stibine complexes, particularly with those ligands which can stabi­
lise low oxidation states. Many ruthenium (II) complexes are easily
oxidised to their ruthenium(III) analogues,(which make interest­
ing redox systems). Compounds of ruthenium(l) are represented 
almost only by the carbonyl halides and the unusual nitrosyl 
dihalides RutNCOX,,, (X = Br and l ) J ^ ^ ^  Carbonyl and phosphine 
complexes are the only compounds of ruthenium(O)• Iron and 
ruthenium show some definite similarities in their carbonyl and 
sandwich-type organometallic compounds.
Since the work contained in this thesis is concerned 
with some aspects of ruthenium(Il) and (III) chemistry,., a more 
detailed examination of these oxidation states now follows.
1.2 The chemistry of ruthenium(II) and (III) with group VII donors.
Except in fluorine chemistry, the ha.lide chemistry of 
ruthenium resembles that of rhodium and iridium more closely 
than that of osmium. The first two elements form polymeric oxi­
dation state (III) halo-species.
Table 1.
Halides of ruthenium(II) and (III)
Ru(Il) Ru(IIl)
RuE_
RuCl_(a) RuCl (b)2 $
RuBr0(a) RuBr-j(b)
2 5
Rul_ (a) Rul_2 5
(a) Known only definitely in solution, presumably in complexed
form, the bromide and particularly the iodide are rather
dubious.
(ft) Known in anhydrous and hydrated forms.
In most cases the bromine and iodine chemistry of 
ruthenium duplicates that of chlorine.
Table 2.
Chloride compounds of Ruthenium (II) and (III).
Ru (II) Ru (III)
*[RuClit]2_( ^  RuG13(6)(?)(8) ; K^CRuClg]1-95
* -2 (l5) f i "l ^
CRuClc;(H„0)] K,[SuC1c]^X ; K0[RuCl[_(H 0)3 .5 2  2 5  , 2 5 2
[AsPh, ] [RuCl^ (HgCOp (12)
* * * *
RuCl (H20)_ ; [RuCI2(H20)^]+
* * ?+
RuCl(Ho0),-]
2 5
* known only in solution.
. . -1 .. (12) (13)** known only m  solution.
Ruthenium trichloride is one of the few commercially
obtainable compounds but it frequently contains ruthenium (IV)
oxy- and hydroxy- chloro-species, and often the nitrosyl chloride,
Ru(NO)Cl?^^^ The pure compound exists in two anhydrous forms^^*^, 
3
(R)
and in a hydrated form. Ruthenium (III) is probably the most stable 
oxidation state, and the trichloride the most important compound(see 
Fig*, l).
Ruthenium dichloride exists only definitely in solution
but it can be used as a starting material. The hexa- and- penta-
haloruthenates are also useful starting materials,and their physical
properties have been studied extensively^9)(10)(11) ,^e chloro-
(1?) (1'O
aquo-species of ruthenium (II) and (III) have been used in
the catalytic hydrogenation of olefins and acetylenes.
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S o m e  reactions o f  r u t h e n iu m  t r ic h l o r id e .
Ru(NO)CI
2-
Ru(CO^Cl2 ^  ( S B i
tH C , -  R^ AS|4  
Ru(N 0 )!0 H )(N ^
Ru(bipy) ^VoV
3  bin,,
I f RuCL(diPh o s ).^ \R u H C I(d ip h o s)2
O0/ ,rT°-
Ru(ac.ac)3
3-
  R u C ^ g ^  Ru02(H20 )n _ ° ^  _
RuHCKPPh& "  ............
RuCtfPh3?3 * '
y f R u ( N H 3)|
Ru2° C 'A  /  RaC^ 01
RuCl^nC13?2 0 ?
RuCI
^ 2-  Ru?en),2+r lZ 3
IHCl
^  2-u
Ru(NH3)5C! 
'rr-^H6 ^ Ru2+
2-4- 
Ru(NH3)5N2
Group (VI) donors.
Ruthenium(II) and (III) form more oxygen and sulphur 
compounds than do their osmium equivalents.
Table 3»
Ru(II) Ru(IIl)
)
(33)
- (11)(20) _ (20)(21  
[Ru(H20)g] CRu(^0)g]^
H2CRu(N0) (0x)2(0H)] , [Ru(OAc)^03 OAc• 7 ^ 0
[Ru(NH j)h (^02)Cl]Cl(22) K3tHu(0x)33A-.5H20 (25) (26) ;Eu(acac)^27)
Ru ( N H J e.S0,(23) Ru o (0C0R),.C1(28);; Ru(H.Edta)H_0(29)
3 3 3^ )  2 A 2
f-RuCOx)-]^*" Ru_(R0NCS0)_^°\, RuCl_(SEt_)
3 d d d $ d 5
R — Me, Et, Bu„ n*-Pr.
Eexaquo-complexes exist in solution in both oxidation
states#(^^)(21)(22) value of Dq for Ru(H20)^^+ has been found
—1 (ll) 3+
to be 2,100cm . In aqueous solution, Ru(H20)g is thought to
(2l)exist together with polymeric intermediates. The visible and
ultra-violet spectrum of Ru(acac)_ has been interpreted on the
3
(27)basis of the molecular orbital theory.
The compound K_[Ru(0x) ]4.3H^0 is thought to have a 
3 3 2
binuclear structure like its rhodium analogue:-
IO[Rh(Ox) 0 (HOx) (OH) ] [Ru(Ox) _]. (2^ (32)6 2 3
Aliphatic mono-carbcxylic acids form polymeric complexes
( ( <7‘2 \
of mixed oxidation state# The tris(dithiocarbamates) *
ane stable paramagnetic compounds, as are the alkyl sulphide compounds
(31)
of type R u C l _ ( S E t _ ) I n  the sulphur dioxide complexes of type 
3 2 3
[Ru(KH_), (SO )Cl]Clr it has been shown that the sulphur dioxide is 
3 H- 2
(22)a monodentate oxygen bonded ligand.
Group V donors.
Group?V donors form the most important ruthenium (II) 
and (III) compounds. There are many more ammine complexes of ruth 
nium than of osmium and iron. S-uthenium also forms many complexes 
with phosphines, arsines and stibines.
Table k*
Ru(Il) Ru(IIl)
[Ru(NH JrlCl (35)
5 o 2 Oru(n h3)6]ci Ref.(62) to
[Ru(KH ) CI]C10 
5 5 2
[Ru(en)0Cl0]Cl(69')cL c.
(68)
Ru(py)il!_Cl2(76)
o-phenH[RuenCl^] ^ 9)
[Ru(bipy) ]C1 Ru(py)-Cl 5 5
[Ru(bipy) ]C1 (71)(7-2) 
5 5
CRu(o-phen) ]01o(if3) (if2)
3 t.
PcRu(C/'Ht-NH0) _
o 5 2 2 PcHRuCl^^
[Ru(bipy)2Cl2]Cl(ifl)
(h £=')
RuCl2(diars) RuCl_(PPh_) _ 
3 5 3
RuCl (PPh_)_ 
2 5 3
RuCl^.(PPh_)
RuHCl(PPh-) -z
5 5
Ru(H) (diphos)
BuCl^fPPh
[Ru(diars)2Cl ]C10. ^
Table k (continued).
Nitrosyls.
Na2£Ru(N0) (OH) (I'^)^]
[Ru(no) ci 3 ^3)
5 n
K0[Ru(MO) C l J  (^ ■* Z0(57)
2 5
K_[Ru(NO)(NCS)r3(58)
2 5
Ru(NO) (Et^NCS) )2 5
DRu(HO),.] (6o)(6l)
5 n
Magnetic, spectroscopic and other physical measurements
(62)
have been made on the stable ammine complexes of ruthenium (III).
(68) Aerial oxidation of these compounds, or boiling with strong
(7 k)alkali gives the "ruthenium reds” , xdiich are thought to have a
linear structure
[(NHj-Ru11— -- 0 ---RulV(NH,).----0 —  RuIII(NH_)c.]8+
3 5 3 k 3 5 -
Recently a series of ethylenediamine complexes of ruthe-
nium(lll) ha's; been made from K_[Ru(Ox)-J4- Ho0. (^) compiexes with
3 5 2
monodentate and bidentate heterocyclic bases are well cha.racterised
3+(see Table k). The electron transfer reactions of [Ru(bipy)_]
3
(71)have been found to be of the outer sphere type. An aniline
complex of ruthenium(II) ,PcRu(CgH^NH2)2, (PoKi= phthalocyanine),
(44)(73) 2
has been prepared from PcI1RuC12 . Phosphine, arsine and
stibine complexes of ruthenium(III) are'known but no hydride 
complexes with these ligands exist unlike with ruthenium(II)(^3)(^6)
The ammine complexes of ruthenium(II) are less stable
than those of ruthenium(IIl). (35) (64-) r^ey mostly contain good
-acceptor ligands, which can stabilise low oxidation states, such
as sulphite, sulphur dioxide, nitrogen and nitrosyl groups.(3^^(37)
(56) (23) interesting series of nitrogenpentaammineruthenium(H)
salts has been made from hydrazine and ruthenium trichloride.(3^^(37)
The formula [Ru( NH^) ,_N0]X2 (X = Cl,Br,il,BF^,PF^), with the nitrogen
molecule coordinated e.nd~on,has been confirmed by X-ray crystallo­
id (75) graphy.
Ethylenediamine forms a tris complex with ruthenium(II),
but not a ruthenium(III) analogue.(3^)(39) geverai ruthenium(II)
complexes with pyridine and other heterocyclic bases are kno\m,
e. g. R u C p y ^ C l ^ 7^  ^ 77^and [Ru(bipy)^DCl^.
Many phoaphine,, arsine and stibine complexes of ruthenium(Il)
are known (see Table 4). The compound RuCI_(PPh_)_ is penta-coordi—2 5 5
nate.(?8) It, and RuCl (PPh ), , catalyse the homogeneous reduction
2 5 ^
by hydrogen of alkenes and alkynes. The action of molecular
hydrogen on ethanolic solutions of the above compounds forms hydrides,.
trans di
(^9)(50)
e.g. RuHClCPPh ) . ^  Cis and hydrido- compounds can also 
j 5
be obtained, e.g. Rul^diphos)^
In most ruthenium nitrosyls, the nitric oxide is assumed
to-be a three electron donor, with the metal formally divalent.
The Ru(NO) group is extremely sta.ble and normally is the only
good/('-acceptor present. A linear Ru -N - 0 structure is present in
Na [Ru(NO)(OH)(NOj, ] . (52) Several hydrated [Ru(NO)XJ „
2 2 4 5 n-
(X = Cl,.Br) complexes are known, as well as K2[Ru(N0)X^], ( X =
Cl, Br) compounds, in which the NO stretching frequencies
have been studied extensively. ' ^ °(57) jn ^ [Ru(NO) (NCS) _] , the
2 5/ e-on
thiocyanate is bonded through the N atoni , but in other■platinum— 
metal thiocyanates the group is S-bonded. A penta-nitrosyl [RuCKO)^.]^
is claimed, but is of uncertain composition.^
Group IV donors.
Most ligands in this group have carbon donor atoms and 
are "iT-acceptors, also the complexes generally are of ruthenium(Il). 
Some complexes containing (SnCl^) groups, with tin as the donor
atom have been made.
Table 5.
Ru(Il) sandwich compounds Ru(IIl)
Ru(C0)2Cl2(PPh3)2(8l) Cp2Ru(102)(1°3) Ru (CN>3 (79)
K^CEuCCI'OgP8*” ^ 875 CpBu(C0)2Br(10Jf) Eu(CN)g3-
Eu (CH)2 (88) CpEuH(CO)2(105) Ru(CO)Br (PPhPi?
(8l)
K2CRu(N0) (CN)5](89)t:o(91  ^ C(iT-C6H6)2Ru](C10If)2106  ^ [ R u C C © ) ^ ] 2"
Ru(CNR)^C12(92) R = Me* Et* C7H7 [RuC12(SnCl^)]
RuHR(diphos)2(97^(98^
RuKCl(CO)(PPhx) (99^(96)
[Eu(CgE12)(C0)C12]2(99)
E^ C 8H10)(C8E12)(100)
(101)
CEuCl_(CO)0(8nCl_)0J
d d $ d
+ .*
Salts of the ruthenicium ion Cp^Ru can be made by anodic
oxidation of ruthenocene. Many complexes can be made from
K^pRu(CN)^] with carbon monoxide,/98^ bipyridyl, ^ a n d  nitric
oxide. (89  ^ The free acid also exists. Cis and trans isomers of
the isocyanide complex, RuCCNR^CI^ have been obtained. (^3) j^le
compound Ru(C0)^I2 gives many compounds of the type RuCCO^L^I^
/ \ (93) (94-)(L = py or bipy). Ruthenium trichloride reacts with carbon
monoxide in the presence of phosphines in a number of different ways
to give complexes such as EuCl_ (CO) (PPh?) _ and RuHCl(CO) (PPh_) _. (95) (.96)
2 3 3 3 3
Alkyl and aryl complexes are formed with diphosphines and diarsines
of the type RuCDKdiphos)^.(97)(98) ^ corresponding hydrido- complex
a.lso exists in cis and trans forms. In these complexes, hydride,
alkyl and aryl groups have almost as high ligand-field strengths as
the cyanide group.(9°) a number of chelating diolefine complexes are
known, e.g. with cyclo-octa-1,3idiene the complex [Ru(CgH^2)(CO)Cl^lq
can be formed. (99) in the sandwich compound ruthenocene Cp2R u ^ ^ 2^ ^ ^
the cyclopentadiene rings are eclipsed unlike those of ferrocene.
Many other sandwich compounds of rutheneum(Il) have been made.
A liquid hydride CpRuH(C0)2 has been prepared from CpRu(C0)2I* (-**^ ) (-^^)
Benzene will also give a sandwich compoundj the perchlorate
(106)[ yt -C^Hg^Ru] [C10^]2 is highly explosive-
2. ANILINE-METAL COMPLEXES.
Metali complexes of aniline have been known for a long time.
The first compounds were made from copper(II) salts, particularly
the sulphate.(^^7)to(110) ^  found that copper(ll) catalyses the
(111)atmospheric oxidation of aniline to give a black dyestuff.
Several complexes with metal dihalides have been reported, mostly of 
type M'^Ohnine).^^, (X = Cl, Br, j) # (113) prom x-ray studies,
Ablov and co-workers haare shown that CoCl^(aniline)2 » ZnX^(aniline)2?
(X = Cl, Br,. I) and Cdl^aniline)^ are tetrahedra.1. ^ ^ ' ^ ^ ‘^ Nuttall,, 
Sharp:; andd co-x^orkers have reported many complexes of transition
metal halides, sulphates and nitrates with aniline and substituted
.... (116) to(ll8) , . . .. . . - ..anilines; and tentative assignments of metal-nitrogen
and metal-halogen modes in the far infra-red were made. The only
platinum metal complexes with aniline as the only neutral ligand are
the 2:1 complexes of palladium and platinum, (aniline)^X^ »
(X = Cl, i ) . ^ ^ 9  ^ Aniline complexes are insoluble or appreciably
dissociated in solution and so little visible or ultra-violet work
was done on them until the diffuse reflectance technique was developed.
Lever and c o - w o r k e r s f o u n d  that the complexes, Ni(aniline)_X0 ,
2 2 ,
(X = Cl, Br) are six coordinate with halogen bridges, and with the 
substituted anilines there v/as no simple relationship between the 
basicity ( pKa value ) of the amine and its ligand field splitting 
parameter, lODq. However,these workers assumed 0^ symmetry for the 
complexes, which is incorrect,and their results have been 
criticised. ^ 2^Phillips and co-workers prepared many 6:1
compounds of type [Ni(amine)g ] ( w h e r e  amine = substituted
aniline) and found lODq increased with the basicity of the amine.
In 4-:l Ni(amine)^(C10^)2 complexes with unidentate perchlorate 
groups, no close correlation between the basicities of the amines 
and the ligand field splitting parameters was found. The only
hexakis-aniline complexes, with halides acting as anions, are
( "1 T ^
£Ni(3,4- xylidine)^]!^ and [Ni(2,5 xylidine)g]Br2. The thermo-
gravimetric properties of a number of substituted aniline complexes
(124-)of nickel have been studied. Decomposition reactions on the 
thermobalance were generally of the type:-
NiL^X2  NiL2X2 — •) NiLX2 — } NiX2
In general most complexes of substituted anilines are of 
2:1 or 4-:l stoichiometry, and are of first transition series metals.
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3. OBJECT OF THE WORK.
In the preceding outline of ruthenium chemistry, attention 
was drawn to the large number of ammines, in contrast to the very
few compounds of primary amines. The few amine compounds which had
been prepared were assigned formulae with very few corroborating 
physical measurements. The importance of dihalogenobis(ethylenedi­
amine) metal complexes in the development of inorganic chemistry 
merited a re-investigation into the preparation of similar compounds 
of ruthenium(lll). It was hoped to develop a general method for the 
synthesis of primary amine complexes of ruthenium(III). During the 
course of this work, the publication by Broomhead and co-workers^^ 
of the synthesis (see Chapter 5i P»70 ), and characterisation of 
dihalogenobis(ethylenediamine) ruthenium(III) complexes, obviated 
the necessity of pursuing the preparation further.
Several complexes of ruthenium(Il) and (III) with the
ligands 2,21 -bipyridyl and 1,10 phenanthroline have been made, 
(^-l)(7l)
but few ruthenium complexes have been made with related 
ligands which also contain the linkage -N=C-C=N-. An investigation 
of such compounds was begun, in order to compare them with their 
iron(Il) analogues.
The main problems in this work were to develop a suitable 
starting material, and to determine the conditions required for the 
synthesis of amine compounds of ruthenium.
CHAPTER 2
EXPERIMENTAL TECHNIQUES
“ *.!• PREPARATIVE METHODS.
Since the majority of compounds were not air sensitive,
they could be handled normally. However, during filtration,the
ruthenium (II) compounds oxidised if air was drawn through them,
so they were protected by a stream of nitrogen until they were dry.
As they oxidised slowly in air, they were stored in a desiccator •
under nitrogen below room temperature.
2. ANALYSES.
2.1 Ruthenium.
(i) By direct reduction to the metal.
In compounds containing ruthenium as the only metal, it 
was determined gravimetrically by ignition of the compound in air 
followed by reduction to the metal in hydrogen. Samples of the 
compounds containing 0*1 - 0.2g. of ruthenium were weighed into a 
small silica crucible and heated strongly in air for five minutes.
On cooling, the crucible was fitted with a pierced lid through 
which hydrogen was passed via a silica tube. The crucible was then 
heated for ten minutes over a bugsen burner, then allowed to cool 
in the stream of hydrogen, transferred to a desiccator and reweighed. 
Results obtained by this method were generally reliable.
(ii) By indirect reduction to the metal.
Compounds containing other metals such as potassium 
cannot be analysed for ruthenium by reduction in hydrogen until 
after separation from the interfering metal. Precipitation of the 
ruthenium as the hydrated oxide, by boiling with alkali is not 
suitable for quantitative analysis since the precipitate seems to 
contain alkali which is difficult to remove by washing. This leads 
to high results. Precipitation as ruthenium sulphide was found to
. . . .  (125)be satisfactory.
A weighed sample of the compound was boiled with an excess 
of ammonium polysulphide and ammonia for fifteen minutes. The mixture 
v/as allowed to cool, acidified with dilute hydrochloric acid and 
then boiled until the precipitate of ruthenium sulphide and sulphur 
coagulated. The suspension was decanted through a, filter paper and 
the precipitate washed with hot water. The filter-paper and preci­
pitate were transferred to a silica crucible. After drying at 130°C 
the precipitate and paper were ignited in air and then reduced to 
ruthenium.as above.
2.2 Potassium.
Potassium v/as determined flame photometrically with a 
Gallenkamp FH-500 flame analyser.
A calibration curve for potassium v/as first constructed
/ *j a/*\
by the normal procedure. The amount of ruthenium in the samples
was not found to interfere. The samples v/ere dissolved in deionised 
water over a range of concentrations and the percentage of potas­
sium determined by comparing the readings obtained with the cali­
bration curve. The accuracy using potassium concentrations of 
2 - 3 0  p.p.m. was only about + 10 95.
2.3 Halides.
The halides v/ere determined gravimetrically as the silver 
salts. Since ruthenium interfered, it was first removed as the 
hydrated oxide.
A sample of the compound v/as weighed into a beaker, 
sufficient being taken to give about 0.2g. silver halide. It v/as 
boiled with sodium hydroxide solution until all the ruthenium was
precipitated. The suspension was decanted through a filter-paper, 
and the precipitate washed with hot water. The combined filtrate 
and washings were just acidified with nitric acid and the halide 
precipitated with silver nitrate.
2.4 Carbon, Hydrogen, and Nitrogen.
Microanalysee for these elements were carried out by 
Dr. Alfred Bernhardt,Mikroanalytisches Lab., Max Planck Institut, 
Mulheim (Ruhr), Kaiser-Wilhelm Platz,l.
2,3 Water.
Compounds containing water were treated as follows 
After filtration and washing they were placed in a vacuum desiccator 
for two hours over calcium chloride and then analysed. The water 
content was also determined from the weight loss on heating at 90°c 
for two hours.
In some cases the weight loss was determined more accurate­
ly using a Stanton type HT-D thermobalance (see Chapter 2 »Part 8).
5. . CONDUCTANCE MEASUREMENTS.
Measurements were made in water, nitrobenzene, and ethanol
The accepted molar conductances of different types of electrolytes
Q *■* *5 *in these solvents at 23 C and 10 "M concentration are listed m  
fable i.(127)(128)
Table 1.
i 2 -1 -1
Electrolyte type v V m  r£in£e cm < mole , ohm
Water Nitrobenzene Ethanol
M+x- 100-120 20-30 35-45
M++(x “)2 240-260 40-60 Ca. 80
M+++(X~), 360-400 Ca. 85
Molar conductances were determined at 23°0 using a
Phillips G.M. 4249 bridge and a conventional cell. The cell cons-
(129)
tant was determined as described by Vogel , using 0.1N potassium
chloride solution.
The specific conductance,K, of the solute was calculated
from:-
k = c ( 4 r  - 4 - >
1 2
C = cell constant.
R^= resistance of solution.
&2= resistance of solvent.
The molar conductance A- was then calculated from:-K
= IOOOK
m
-1m = concentration m  moles
/+* INFRA-RED SPECTRA.
All infra-red spectra were recorded with nujol or hexa-
chlorobutadiene mulls between rock salt plates, in the range 
-15,000-650cm on a Unicam S.P. 200 spectrophotometer calibrated 
with a polystyrene strip.
5 ULTRA-VIOLET AND VISIBLE SPE6TRA.
5.1 Reflectance Spectra.
Diffuse reflectance spectra in the range 40,000-4,000cm 
were obtained'on a Unicam S.P. 700 spectrophotometer using lithium 
fluoride as a reference material. Highly absorbing solids were 
diluted with lithium fluoride.Some spectra were measured at liquid 
nitrogen temperature using a special cooling attachment. This con­
sisted of a hollow stainless steel tube, closed at one end, and 
■soarro'uh'tlecl by a layer of expanded polystyrene. This in turn v/as 
surrounded by a brass jacket. The sample holder was placed in 
contact with the closed end of the tube, while liquid nitrogen was 
poured in until the temperature equilibrium was reached ( about 
twenty minutes ). Dry cold nitrogen was blown on to the underneath 
windows of the sample holder to prevent frosting up.
5>2 Solution spectra.
Solution spectra were obtained on the S.P.700 and
S.P.800 spectrophotometers at room temperature, using 1cm silica 
cells.
6. MAGNETIC MEASUREMENTS«.
Magnetic susceptibilities were measured by the Gouy 
Method[2,p,if0^
The apparatus was only for use on specimens in air and 
at room temperature* Use of an electromagnet allowed examination 
of specimens at different field strengths to check for irregular 
packing. The construction of the balance and its operation have
•v * v * (130,p.l57)been described before.
The gram susceptibility 96 » was calculated from:~
S
"X . = Kv + j3w
W
K = volume susceptibility of air = 0.029*10 ^ 
v = volume of specimen.
w = force exerted on the specimen by the field,
allowing for the effect of the field on the glass 
tube.
¥ = weight of specimen.
P = constant, involving the dimensions of the
specimen and the field strength, obtained by
calibrating the tube. Hg[Co(CNS)^] was used as
the calibrant^*^'^ V  = 16.44 10 ^ at 20°C.
^  g
The molar susceptibility^^ was next calculated from:-
~X M = ^  gh
M = molecular weight.
The atomic susceptibility of the metal ion was 
obtained by applying a coorection for the diamagnetism of the 
ligands using Pascal’s constants.
The effective magnetic moment ]x • , was obtained using
e x x.
the expression:-
ueff. = 2 . 8 V % “y  B.M.
B.M. = Bohr Magnetons.
T = Absolute temperature.
7. FAN INFRA-PEP SPECTRA.
To obtain spectra in the 530-30cm range an R.I.I.C.
Model FS?20 Interferometer was used in conjunction with an Elliot 303 
computer. Solid samples were used as nujol mulls between polythene 
windows. The sampling of liquids was performed by sealing the liquids 
in polythene tubes.
8. THERMQGRAVIMETRIC MEASUREMENTS»■
A Stanton type HT-D thermobalance was used to invesitgate 
the thermogravimetric behaviour of some of the compounds in order to 
determine
(i) The number of water molecules in a particular compound.
(ii) The possibility of preparing a new compound of diffe­
rent stoichiometry from the starting material.
The balance was of the deflection type, halving a sensitivity 
of O.lmg. and incorporating an automatic weight-loading device, which 
enabled weight losses of up to O.lg. (ten chart widths) to be 
followed continuously. A platinum / rhodium i\round furnace, giving 
a maximum temperature of 1,400°C, was used in conjunction with
a high-low voltage-temperature programmer. A linear heating rate 
of 3°C per minute was used initially. Oxidation of the complexes 
was prevented by an upflow of nitrogen during the run, which also 
sweprt away the volatile products* Temperatures were measured by a. 
thermocouple directly in contact with the sample container.
When using the instrument to prepare a new compound, it 
was run isothermally at a temperature slightly below the maximum 
rate of weight loss;
‘ • 9. REAGENTS AND SOLVENTS.
The ligands, punified by distillation or by recrystalli­
sation, gave boiling points or melting points in agreement with 
literature values.
ANALAR reagents and solvents were used without further 
purification. Spectroscopically pure ethanol and deionised water 
were used for spectral and conductance measurements.
CHAPTER 3
STARTING MATERIALS
I- INTRODUCTION.
Mast ruthenium complexes have been made from ruthenium
trichloride,, as this is the major commercially available compound.
These have been made by the direct addition of the ligand, under
varying conditions, to the trichloride, or to a related species such
as K_[RuC3i (H 0) ].
2 > 2
In an attempt to duplicate some of the earlier work and
to prepare new compounds, amines such as ethylenediamine, o-pheny-
lenediamine and aniline were added to ruthenium trichloride or
K2CRuC15(H20)].' In all cases mixtures were obtained,probably due to
the basic nature of the ligands which led to rapid hydrolysis of
any products which formed. Also, although the tervalent state of
ruthenium is the most stable oxidation state of ruthenium, it can
easily be reduced to the divalent state by ligands such as aniline
and o-phenylenediamine. This could also cause impurities in the
products. Similarly, no pure products could be obtained from
//'0\
CRu(NH )^CI2]CI. as a starting material. To avoid alkaline
conditions, the reactions of the amine hydrochlorides with ruthenium 
trichloride and K2[Ru CI^CH20)] were tried, but no compound could be 
isolated.
(9)Charonnet prepared a pyridine complex ,,
III
KtRu (py) 2(Ox)2^ H 20 by the direct addition of pyridine to potas­
sium trisCoxalato)ruthenate(IIl) hydrate. Later,. B a i l a r ^ ^  synthe­
sised dichlorobis(bipyridyl)ruthenium(IIl) chloride from
K_CRu(0x)_]4H 0 
3 3 2
dil.HCl
RuCl ------------ K [RuCl (H 0)3
^ KC1 5 K_[Ru(0x) -34H-0
bipyridine
[Ru(bipy)2Cl2]Cl ^ ci^rgas) Ru^biPy^2^°X^ZfK2°
In this work methods have been developed for the prepara­
tion of aniline complexes of ruthenium from K_[Ru(0x) and
5 5 2
(NH*)_[Ru(0x)_3l.5K~0. A new. method of preparation has been developed 
** P P 2
(kl)for the latter starting material. Also Bailor’s method ' has
been extended for use with other ligands containing the -N=C-C=N- 
group.
Ruthenium trichloride (3g*) was dissolved in 12M hydrochlo 
ric acid (50ml) and boiled for four hours. Potassium chloride (3g*)
greenish-blue, indicating the formation of sdme- ruthenium(Il).
Mercurous chloride was removed by filtration and the solution 
evaporated to a small volume and cooled. The resulting red crystalswera 
filtered off, washed with ethanol, and recrystallised from 6H hydro­
chloric acid. Calculated, for K_[RuCl_(H_0)3:- Ru,26.98$2 P 2
Fpund Ru,27»l$
2r EXPERIMENTAL.
2.1 Potassium pentachloroaquoruthenate(III)
was added and the aoluciir. stirred with mercury until it became
2.2 Aqueous potassium tris(oxalato)ruthenate(IIl) ♦ ^
A mixture of potassium pentachloroaquoruthenate(IIl)(lg.) , 
potassium oxalate' (l„5g.) and water (^ f-Oml.) was heated on a steam 
hath for one hour. In this time the solution turned from pale red 
to pale green. For this work there was no need to isolate the solid 
compound.
2.5 Ammonium tris(oxalato)ruthenate(lIl) sesquihydrate.
A solution of ruthenium trichloride (lOg in 100ml.) in 
hydrochloric acid (kli) was neutralised with concentrated aqueous 
sodium hydroxide solution, precipitating black '’hydrated ruthenium 
dioxide”, RuO^nH^O. This compound was filtered off, and washed with 
water until free from chloride. An aqueous suspension of the oxide 
(750ml.), containing a large excess of acid ammonium oxalate (^5g»)j 
was then refluxed for ;48hours. The resulting yellow solution was 
evaporated to a small volume (100ml.) and excess acid ammonium 
oxalate allowed to crystallise out. This was filtered off, and to
the filtrate methanol (500ml.) was added to precipitate the remain­
ing a.cid ammonium oxalate, which was filtered off. Ethanol was 
added to the filtrate until a yellow solid began to precipitate.
The solution was then cooled in ice. Large yellow crystals formed, 
which were recrystallised from a 3:1 ethanol/water mixture. The 
crystals were washed with ethanol and ether,and placed in a vacuum 
desiccator over calcium chloride.
Calculated, for C^H RuN* 0 :~
6 15 3 13*5
C,l6.1^ - : H,3.36 : N,9*^0 : Ru,22*67#
Found: C,l6.3 : H,3»7 : N,8.8j : Ru,22.7:--$
2.3«1 Analysis for water.
The amount of \/ater in the compound was confirmed by 
thermogravimetric analysis. A sample of the complex was heated on 
the thermobalance from 20 to 200°C at 2°C per minute. In the weight 
loss against time graph a plateau occurred between approximately 
100° to 150°C. The difference in weight units between this plateau 
and the starting weight line was taken as the weight loss due to 
removal of water from the complex. To this weight loss was added 
the buoyancy correction for the platinum crucible containing the 
sample. This confirmed the formula as being (NH^)^[Ru(Ox)^]1.5^0.
3* RESULTS AND DISCUSSION.
Ammonium tris(oxalato)ruthenate(IIl) has been obtained
as a bright yellow sesquihydrate, but it was previously reported
(9)as a greenish-brown trihydrate , a similar colour, to that of
K_[Ru(0x)_] '^'E 0. In the solid state K [Ru(0x)_]^.H 0 is thought 
3 3 ^ 2  3
to have a structure similes? to that of its rhodium analogue
K,[Kh(0x),]4'H fi i.e. K,[Kh(Ox) (HOx) (OH)][Rh(Ox)_]8H (d?
3 3 - 2  o 2 5 2
3.1 Magnetic measurements.
The magnetic properties at room temperature of the bright 
yellow compound seem analogous to those of K ^ [ R u ( 0 x ) ( s e e  
Table 1.)
Table 1.
(ra. ) _[Ru(Ox) ,31. 5H-0 K,[Ru(Ox) ,3MrH,0
*+3 3 2  3 3  ^ 2
Magnetic moment found at Magnetic moments reported:
293°K, li ~p = 2.02 B.11. (i) at 298°K, = 2.01 B.M$2^7 “0ff ' reff
(ii)at 298°K, ]i ^  = 2.04 B.M.(26) ef f
The magnetic moments are in good agreement with those 
previously reported for ruthenium(III) compounds^2’
3.2 Infra-red spectra.
The infra-red spectrum of (NH^) ^ [Ru(Ox) ^ ]1. 5 ^ 0  is very
similar to the spectra of other tris(oxalato) species of tervalent
metals. Table 2. shows the bands due to the oxalate vibrations
in the spectrum of K_[Co(0x)_]3K~0 and the corresponding absorptions?
3 3 2
of (NH^)^CRu (Ox )^]1.^H^O. The bands^assigned on the basis of the
work by Nakamoto. The symmetricaT\>(C-0) stretching vibration
cannot be assigned for the ruthenium comnlex since the ammonium
ions absorb strongly around 1,400cm • There does not appear
to be any evidence of monodontate oxalate groups (see Chapter 4 )
in the spectrum, which might indicate a structure similar to
CRh(Ox) ^  (HOx) (OH) ] [Rh(Ox) ,] 8H_0.6 2 3 2
There is a broad peak at 37 500cm due to the (0-H)
(134)
stretching vibrations of the lattice water molecules-
A more detailed discussion of the infra-red spectra of
oxalato- complexes follows in 6hapter 4.
37
Table 2.
—1
Frequencies and band assignments in two oxalato complexes(cm ) 
K„[Co(Ox) „]3H^0 (NH(. ) _,Ru(0x) 1. 5H„0 Assignments
- 3...    5 4. .3  .. 3 .   — g- ---- -------
1,707 l,.690(s) v (C=0) v
as i
1,670 l,660(s) v (C=0) vas J*
1,398 —  v (C-0) + v (.C-C) v
S
1,254 l,235(m)
V (C=0)
V (c=o)
V
+010
s
V s
(C-0) +
900 900 (m) „ „ v
822,, 803 850(w), 8l0(s) $T(0-C=0) + v (M-0)
3
s = strong, m = medium,, w = weak.
3o 3 Visible and ultra-violet spectra.
In aqueous solution the ultra-violet and visible spectra
of the bright yellow complex showed only two clear maxima at
49j000cm~'1' and 35,100cm’"'1' (see Fig. l), the same as the aqueous
solution of K_[Ru(0x)_]4.5H„0. The aqueous solution spectrum of 5 5 d.
(
K_[Ru(0x)_]4.5Ho0 has been interpreted by Olliff , who found 3 3 2
four bands by Gaussian analysis and assigned them to d-d transitions,
—1 —1
From these bands lODq and B were found to be 28,700cm and 560cm
respectively. When the reflectance and solution spectra of
(NH, )_[Ru(0x) ,]1.5Ho0 are compared (see Table 3 -^ ig* l) , it can4 3 3 2
be seen that there are some major differences.
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Table 3»
Shoulders and absorption maxima in the, reflectance and 
aqueous solution spectra of [NH.] [Ru(Ox)_]1.5Ho0.
______________      tLA __ ________ _ sL
Solution
Absorptions cm 
if 9,000
35.000
28,500 (sh)
18.000 (sh)
-1
Extinction 
Coefficients cm*’^ M~^
> 105 
5,012 
1,730 
3.68
Reflectance
Absorptions cm ^
35.000
30.000
25,500
17,000 (sh)
The reflectance spectrum shows three broad maxima 
in the same region where the solution spectrum only shows a 
single peak and a shoulder. These differences could indicate 
that the solid has a different structure to the species in 
solution.
CHAPTER k
ANILINE-OXALATO COMPLEXES 
OF RUTHENIUM (III)
1.INTRODUCTION.
As mentioned in Chapter III little work, has been
done on the reactions of RuCOx)^"- species with amines.
Charonnet^ prepared cis and trans KCRuCpyO^COx)^] by the
addition of excess pyridine to an aqueous solution of
K_CRu(Ox)_3*if*5HLO. He also' prepared a substance by the reac—
3 3 2
tion of ethylenediamine with an aqueous solution of
K CRu(Ox)_3*if*5Hr)0»; "but this was ascribed no definite formula.
3 3 2
Broomhead and c o - w o r k e r s r e c e n t l y  obtained the complex 
pRu(en)2(0x)][Eu(en)(Ox)^]*2H^0r by the reaction of ethylenedia- 
mmonium oxalate with an a.queous solution of K^CRu(0x)^3-if.
They also isolated [Rn(Ox) (en)^]CPh^Bj*2H^0 a.nd NaCRu(Ox)^(en) 
3^0  by a met&thetical reaction of [RuCen^CChc)] CRu(en) (Ox)^*. 
RH^O with sodium tetraphenylborate. The ammine,.. CRu(NH^)^(0x)]CI, 
has been prepared from [Ru(NH^) ^ .ClDCl^.
No aniline complexes of ruthenium(III) have been
reported.-
2. EXPERIMENTAL.
In an attempt to prepare a complex of the Schiff’s
base CH^ - 0 - N ■ CCCH^) - CCCH^) = N 0 ~ CE$
= (X), by a similar method to that used by Bailar for the prepa-
/ I n \
ration of RuCbipy^COx) .^H^O (see Chapter .33. Cl, a product
was obtained with N-H absorptions in its infra-red spectrum.
It was realised that the Schiff’s base had hydrolysed liberating 
the free base p-anisidine ( p-methoxyaniline) which had then 
coordinated to ruthenium(see method2.1 below).Method 2.2 was 
developed for the direct preparation of substituted aniline 
complexes.Similar Schiff's base ligands are known to hydrolyse 
in experiments to prepare ferrous complexes in aqueous alcoholic 
solutions
All the complexes were dried in vacuo over calcium 
chloride.Their water content was determined from the analyses 
(see Tablel) and confirmed by dehydration(see Chapterll).
2.1 Potassium Bis(oxalato)bis(p-anisidine)ruthenate(IIl)dihydrate
A mixture of Ko[RuCl_(H_0)] (lg.), potassium oxalate 2 p 2
(1.5g.) and water (*fOml.) was heated on a steam bath for 
one hour. Excess of (X) (2g.) in ethanol (10ml.) was added, 
and the mixture refluxed for 2k hours. On cooling, a pink
solid separated which was filtered off,washed with water,
ethanol and ether.
Calculated for C^g^22^U^2^12:
C=36.12 j h =3.68 ? N=4-.68 j k=6.53 ; Ru=l6.9C$
Found: C=36.90 ? H=3.6o 4 N =3*50 ,* K=3.90 { Ru=17.10^
The above preparation having been successful, an 
attempt was made to prepare a similar complex using the free 
base p-anisidine(p-methoxyaniline)•
2.2 Potassium Bis(oxalato)bis(p~anisidine)ruthenate(IIl)dihydrate
To an aqueous solution of K [Ru(Ox)_] (prepared as
3 3
in 2.1), p -anisidine (0.66g.) in ethanol (10ml.-) was added. The
solution was warmed on a steam bath for 3 minutes during which
time pink flocculent crystals formed. These were filtered
from the warm solution and washed with cold water, ethanol,
and finally ether.Calculated for C_.QH KRuN O :
lo 22 2 12
c=36.12 5 H=3.68 I N=if.68 ; K=6.33 ; Ru=l6.90#
Found C=36.10 j H=3.80 N=4.80 } K=5.70 Ru=17*20?£
This method was repeated with aniline and other 
substituted anilines (see Table 1.). An ammonium salt 
N H ^ [ R u ( a n i l i n e ) ^ ( O x ) Was similarly prepared from 
[NH^] [Ru(0x)3]l.-5H20.
In an attempt to prepare a similar complex to 
CRu(.en)2(Ox)3 [Ru(en) (0x)2]2H 0 ^ ^  with aniline, anilinium 
oxalate was used instead of the free base. In fact a different 
product (see below) was isolated.
2.3 Anilinium Bis(oxalato)bis (aniline)ruthenate(III)monohydrate.-
The salt [NH.] [Ru(0x)_]1,3Ho0 (3g») was dissolved 
4-3 3 2
in water (10ml.)? and a hot solution of anilinium oxalate(3g«) 
in water (40ml.) was added. The solution was heated on a steam 
bath for 20 minutes during which time an orange crystalline 
solid was deposited. This was filtered off and washed with
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water, ethanol and finally ether* Calculated for C^H^N^RuO^: 
0=45.90 }; H=4-.17 ; N=7.30 ,• Ru=17.5$%
Found: 0=46.30 j H=4.'30 ; N=7.60 j=Ru=17.50^
This method can be used to prepare similar complexes 
using other substituted anilines,but in the present work these 
were not investigated further.
The compounds prepared by these methods were either 
orange or yellow with the exception of the p-phenetidine 
(p-ethoxyaniline) and p-anisidinb (p-methoxyaniline) complexes 
which were brownish-purple. The compounds were indefinitely 
stable in air. Yields of about 60% were obtained except when 
using ortho'-substituted anilines, then they were as low as 
3OP/o, No products could be obtained from o-anisidine and 
o-phenetidine. Variation of the amounts of reactants and 
reaction conditions gave no other types of complexes.
A11 attempt was made to prepare the complex 
KCRutpy^COx^lxH^O by charonnet’s m e t h o d f o i *  comparison 
with the aniline complexes. The products were always contami­
nated by potassium chloride, but several new and related 
compounds containing heterocyclic cations in place of potassium 
were obtained pure by the following new method.
2.4 Pyridinium bis(oxalato)bis(pyridine)ruthenate(III)dih.yclrate
The salt, (NH, ) [Ru(Ox) _Jl.5H~0 (lg. ) was dissolved 4 3  3 d
in methanol (50ml.) and excess pyridine (2g.) added. The
solution was refluxed on a steam bath for one hour. On cooling
a white solid (mainly ammonium oxalate) separated which was
filtered off. The solution was then evaporated under reduced
pressure to a small volume and allowed to cool. Yellow crystals
formed which were filtered off and washed with acetone. The
product was recrystallised from methanol.
Quinoline and isoquinoline compounds were similarly
prepared (see Table l). By dissolving the pyridine complex in
methanol and adding an aqueous ethanolic solution of excess
caesium chloride, a yellow crystalline compound was formed,
containing caesium as the cation (see Table l).
Similar preparations were attempted using alkyl
amines such as ethylamine, n-butylamine and 1,3propanediamine.
No products could be obtained using either the free base or
the oxalate salts. Attempts were also made to prejjare complexes
with o-phenylenediamine. These were unsuccessful, probably due
to the reaction between oxalic acid and the diamine to form
(1^7)
quinoxaline or one of its intermediates.
Attempts to recrystallise the aniline complexes 
always led to decomposition.
3. RESULTS AND DISCUSSION.
3.1 Conductance measurements.
-3
The usual range of molar conductances for 10 M 
solutions of different electrolytes in water at 23°0 are given
in Chapter 2,Table { , From the observed molar conductances 
(Table 2) the compounds seem to be 1:1 electrolytes, in agree­
ment with the formulae in Table 1. The anilinium compounds wer 
too insoluble in water or other solvents for measurement. All 
compounds hydrolyse slowly with increasing molar conductances.
Table 2.
MB O
Molar conductances of 10 M solutions at 23 C»
Complex. b  (mho cm^/g.mole) 
KCjRu(aniline) o(0x) ]. 2H 0 2 c. c.
K[Ru(p-toluidine)2(0x)2]H20
KCRutm-toluidine^^x^^H^O
K[Ru{o-toluidine)2(0x)233h20
K[Ru(p-anisidine)^{0^) 
IC[Ru(p-phenetidine) (Ox) 
K[Ru(o~chloroaniline) ( O x ) 3 ^ 0  
NH^[Ru(aniline) ^  (Ox) 2^ 2^ 
PyH[Ru(py)2(0x)2]2H20
115.8
10k. 5
101. 2.'
117.3
110.4
108.7
109.4
116.5
105.4
3.2 Magnetic measurements.
The atomic susceptibilities , and the effective
magnetic moments P? ^he compounds at room temperature are
given in Table 3*
The values at room temperature are in good
agreement with the values found for other ruthenium(IIl)
ammine and amine complexes (see Table 3)»
The V-gff values are close to the spin-only value
for one unpaired electron of 1.73B.M# On this basis the
5 5complexes are assigned a spin .-paired, d )i e3-cctronic
2
configuration, and a T? ground term. All known ruthenium(IIl) 
compounds have been assigned this configuration and all have 
a coordination number of six with approximately octahedral 
stereochemistry. Orbital angular, momentum is expected for the
3
^2g configuration since the t^ orbitals are degenerate and
have one vacancy. This would cause the observed u value toex i
be well above the spin-only value but this is ignoring the
effect of spin-orbit coupling. Spin-orbit coupling splits the 
2
ground level and leads to a temperature-dependence of 
PeffJ an(i the moment tends to the spin-only value at low 
temperatures. Figgis and c o - w o r k e r s h a v e  also consi­
dered the effects of departures from cubic symmetry and elec­
tron delocalisation on the u values-of metal ions, witheff
2
' ground terms. These effects cause the magnetic moment to 
approach the spin-only value and to vary less with temperature.
These considerations have been used to attempt to 
describe exactly the magnetic properties of a.number of 
ruthenium(IIl) complexes.^ — f
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3*3 Infra-red spectra*
3»3«1« Oxalato-group absorption^.
(see Fig.l.l)
The free oxalate ion is planar with symmetry 
(1 2^)
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On chelation (see Fig.1.2) the oxalato-group
(1^3)
remains planar but its symmetry becomes e^v • When two 
oxalato- groups are present in a trans- octai>hedral complex, 
(Fig.i_.3)» the complex has D^  symmetry: in a cis- complex the 
symmetry is C2 (Fig.i.^).
Table k, shows the expected changes in symmetry and 
type of vibration when the oxalate ion becomes coordinated.
In Table 3» are shown the observed infra-red absorption bands 
for a free oxalate ion and a 1:1 metal oxalate complex. They 
are also compared with the frequencies calculated by normal
(lifif* p.ZfR)
coordinate analysis. The type of vibration in the
oxalato- complex (see Table 5) is specified on the basis of
(1^ -3)band-coupling predictions by Nakamoto. In metal-chelate
Table *f.
Symmetries and types of vibration predicted for 
free and coordinated oxalate Ians.-
Free oxalate ion. *
Symmetry •n (142) j 
2H.......  |
Symmetry of 
vibration.
Typo j
vi v (O-C-O) 1■ s :
A (B)
S :'z
v(C-C) j
V3
% (0-C-0) j
A VL c-c !u torsion j
V E)
v5
v6
v (0-C-0)!
as j
c°2 j
rocking :
B, (I.E.) lu v7 C°2 1 
wagging :
V El v8 C°2 j
wagging |
B, (I.E.)2u U9
v (o-c-o)i
as :
vio C02 |
B_ (I.E.) 3u VI1
,rocking j
v (0-C-0) 1 
s :
V12 S(o-c-o) \
1:1 metal oxalate chelate
Symmetry C (14-3)2jl
Symmetry of in
plane vibration.
species(I.R.)
:;i v (c=o]/ s
v (C-0) 
s
V (M-0)
■ s
v(C-C)
S(0-C=0)
ring deforma­
tion.
species(I.R.)(R)
v8
rio
11
v (C=0)
. as
v (C-0)
< as
v (M-0)
as
h (o-c=o)
ring deforma­
tion.
(I.E.) = infra-red active : (R) = Raman a.ctive: 
vg = symmetric stretching : vns= antisymmetric stretching:
S = in plane deformation vibration.
complexes the concept of group-frequency often breaks down
due to strong coupling between the various modes as a result
, (lMf:p,210)of resonance m  the ring. x
When considering^ an octahedral complex with two
coordinated oxalate groups, such as the ruthenium complexes
in this worki the cis and trans forms must be distinguished.
The only region of the spectrum completely free from the
absorption due to the coordinated anilines is between 1600-
1800cm \  It is in this region that the symmetric and
asymmetric stretching vibrations of the (C=0) group occur.
Considering first the trans case symmetry),
four vibrations due to the v(C=0) modes would be expected
, p>>(lA5)(seeFig.2).
\ S  V U
M' M M KP P~(k
Bo B12u lg 3U
Fig. 2
The B~ and B_ vibrations are infra-red active: 
2u 3^
the other two are not.
In the cis case symmetry), four vibrations would 
also be expected (Fig.^).
Observed and calculated infra-red frequencies of a. free
-1
oxalate ion and a 1:1 metal oxalate chelate compleg (cm )
(Ik?)
K2C2V H2°
Observed. Calculated.
1-600 15kk
222 v1Q
1310 1335 vi;l
772 777 v12
(v^ etc. are the same vibrations as in Tabled)
55
Table 5*(continued).
[Cr(NH3)if(ox)]ci(lff3)
Observed. Calculated. Type. V
1668 1663
O11O 
-—'.CQ vi
1593 1400 v (C-0)+v(C-C) s V2
914 910 v (C-0)+£(0-.C=0)+v(C-C)s v3
890
545 543 V (M-0)+v(C-C)s \
347 345 £>(0=C-0)+v(C-C) v<5
- 214 ring deformation v6
1704 1697 v (C=0) as
4
v7
1258 1251 v (C-0)+ S(0=C-0)as v8
8o4 824 S (0=0-0)+v (M-0)as v9
^ 86 479 ring deformation + 
S(0=C-0)+D(M-0) U1C
469
366 386 v (M-0)+ring deformation as vl]
<*,- Vg are species : v o -v;q  are species )
All four vibrations are infra-red active. The situa­
tion may not always as simple as this as lattice effects may 
cause intermolecular interactions. These could lower the
symmetry of the trans molecule causing the A and/or the B
S ■*•£>
( 3 )  Vvibrations to become infra-red active. From Table,!-o. it
can be seen that all the complexes except those with o-substi-
tuted anilines, have only two absorptions in the \i(C=0) region.
These complexes thus most likely have trans structures as in
Fig.1*3* Far-infrared studies on the halide complexes derived
from these oxalates seem to confirm this, (see Chapter I? )»-
The complexes with o-substituted anilines show three sharp
peaks in the v(C=0) region^ The extra band could arise from
lattice effects on a trans structure as discussed above.
Alternatively, it could arise from a cis structure, with only
three bands visible due to superiraposition of one of the bands
on another. In some other octahedral complexes with two cis
oxalato- groups e.g. KCCrCOx^Cen)] and K^CRh/Ox^ClgH, four
easily distinguishable bands have been assigned to v(C=0)
(lA5)
vibrations. However, in the infra-red spectrum of
Na[Ru(0x) (en)]3Hp0, which must have a cis structure, only 
three bands were observed in the y(C=0) region. Qnly .
other evidence for a cis structure for the compounds with 
o-substituted anilines is their reaction with concentrated 
hydrobromic acid (see Chapter5 ).The apparently unstable red 
product formed on first adding hydrobromic acid could be the 
cis isomer of o-tol.H[Ru(o-toluidine)2®r^3 which rapidly con­
verts into the brown stable trans isomer.
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As can be seen from Table 6,; the other oxalato- 
absorptions are essentially the same in both types of complex,, 
but since in many cases they may be obscured’ by aniline absorpt­
ions (see Fiig. k) only tentative band assignments can be made* 
For the trans compounds of symmetry, 39 normal,
vibrations are expected. The 23 in plane vibrations may be
subdivided into: 6A + 5Bn + 6B_ + 6B_ (see Table 7)•
g lg 2u 3u
Table ?.
Symmetries and types of in-plane vibrations possible 
for the type of oxalato- complex in Fig. 1.3*
1 type(R)
o
B-. type(R) B 2 u  * y p 'e ( s » R # ) B type (I.E.)
o1]o•> o II o v(C=0)
oiio
oto 
'—
/ v(C-O) v(C-O) v(C-O)
v(M-O) v(M-O) v(M-O) v(M—0)
v(C-C) v(C-C) ring
deformation
v(0-C=0) v(0-C=0) v(0-C=0) v(0~C=0)
ring
deformation
ring
deformation
ring
deformation
ring
deformation
(lZf3)
Using the various couplings of modes predicted by Nakamoto1, 
the bands can be assigned tentatively as in Table 6. The Vg 
bands cannot be assigned in the p-anisidine and p-phenetidine 
complexes as the (C-0) group in the ligands absorbs around 
1250cm"’1.
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3«3»2 Amino- group absorptions*
These are discussed more thoroughly in Chapter 5 
which deals with the aniline-halide complexes of ruthenium(lll).
The presence of coordinated aniline is easily confirmed by the 
lowering in frequency of the two aniline N-H stretching vibra­
tions on coordination^(see Table 8). The explanation of this 
lowering in frequency is given in Chapter 3. The C-N stretching 
frequency should also decrease on coordination, but in these 
complexes it' is obscured by the v(C-O) absorptions (see Fig.4 ) 
at about 1 2 4 0 c m ' I n  most other metal-aniline c o m p l e x e s (123)
-k.
the^NH^) scissorring frequency is lowered as compared with the
free base. In these oxalato- complexes it does not appear to
change much (see Fig.4 ),These modes cannot be assigned with
any certainty as they occur together with a ring mode (see
-1
Chapter 5) between I63O to 1380cm close to the region of
oxalate absorption.The wagging vibration occurs between 
-11130 and 1200cm in these complexes, which is higher than m
(119)(146)most other aniline complexes. The weak broad bands
between 3»4GO and 3>600cm ^ are . due to O-H stretching
(134)
vibrations of the lattice water molecules. The H-O-H
bending mode is obscured by the oxalate absorptions in the 
1,600-1,630cm ^ region.
The presence of the anilinium ion in complexes of the 
type Anil.H[Ru(aniline)2(Ox)23H20 was confirmed by the presence 
of broad absorptions around 2,600cm \  typical of an N-H 
stretching vibration in the NH^+ group.^ ^  In this complex 
there are two absorptions in the out-of-plane C-H bending
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vibration region, ^  an^ 765cm"’\  In the complex
KCRuCaniline^COx^ilSH^O on]_y the higher frequency band is 
present and in aniline hydrochloride only the lower one.
Thus the presence of these two bands confirms that the complex 
contains the anilinium ion and coordinated aniline*
5.4- VISIBLE AND ULTRA-VIOLET SPECTRA.
The visible and ultra-violet spectra of the complexes 
were measured in aqueous solutions (approximately 10 ^M), and 
by diffuse reflectance. The solution spectrum of Anil.H[3Ru(ani- 
line^COx^lH^O was not obtained due to its insolubility.
Figure... 5- shows that all the compounds have 
three shoulders or peaks between 20,000 to 30,000cm \  with 
very similar extinction coefficients (see Table 9)• Since the 
solution and reflectance spectra are similar, little decomposi­
tion takes place on dissolution, at least initially. In appea­
rance, the spectra are similar to those of (NH^)[Ru(0x)^]l.53^0
(see Chapter Fig. 1). From the intensities of the shoulders
-1between 25i000 - 30,000cm they cannot be initially assigned
as arising from d-d transitions.^^ 9 . P*^09) howeverj it is
possible that they could represent v/eaker bands superimposed on
other bands below. The shoulders and peaks at about 21,000cm ^
cannot be assigned to d-d transitions as, although their extinc-
-1 -1
tion coefficients are in the range 100 - 500M cm , these 
increased about ten times over a twelve hour' period. This 
indicates that the peaks are due to char-ge-transfer bands
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associated with some decomposition product of the complexes.
As mentioned above, it is possible that some of the
shoulders could represent d-d transitions but are superimposed
on one or more charge-transfer bands, causing a large apparent
increase in intensity, as has been suggested for
/ \
K_[Ru(Ox) 5H~0. Since the substituted aniline ligands
5 j £
-1(122)start absorbing around » the task of assigning
the shoulders to specific d-d transitions would be more diffi­
cult than for Kv[Ru(Ox) 5>Ho0 and has not been attempted.
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CHAPTER 5
ANILINE-HALIDE COMPLEXES OF 
RUTHENIUM(III)
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INTRODUCTION.
As mentioned in Chapter 3. , the difficulties involved 
in preparing amine complexes from ruthenium(IIl) - halides have 
meant that until recently very few of these compounds were 
known* However, many ruthenium(IIl) compounds with ammonia and 
heterocyclic bases have been made and studied extensively (see 
Chapter I).
Table 1.
[Ru(py)^Cl2]Cl 
Ru(py)^Cl^
pyHCRu(py) ^ 1^3
[pyH]2[Ru(py)Cl^]
Ru(bipy)_C1_
3 3
Ru(o-phen)_C1_
3 3
[ru(l)2ci2]cio4
lLH][RuLX^] 
(X=Cl,Br) 
(L=bipy,o-phen)
[Ru(NH3>/+]X3
[Ru(NH_) t_Cl]Cl0 
3 3 ^
cis 8c trans [Ru(NH^)^C12]C1
Ru (NHt)_C1_
3 3 3
(X=C1,Br)
Broomhead and c o - w o r k e r s p r e p a r e d a series of 
ethylenediamine-halides by the reaction of concentrated halogen 
acids with [Ru(en)2(Ox) [Ru(en) (0x)2!l2H20. The basic reaction
scheme used was :-
H X
[Ru(en)2(Ox)3[Ru(en)(Ox)^32E^O
red filtrate
slow evaporation
[Ru(en) 2^2  ^ en  ^^ 3  2^2° 
(X=Cl,Br only)
brown solid
H2° cation exchange column
V
orange solution
o-phen + HC1
[o-phenH3
V  
[Ru(en)C1^3
crude [ R u ( e n ) C ^ u(en)X^3
(x  = ki Us I ' t
» t i
recryst. IIX(IM)
V
cis. [RuCen^X^X.H^O
( y  - , C>vr o ^ O
x o'
red filtrate
ethanol-ether(1:l)
red filtrate
leave several 
days
[RuX (en)30 
5 £
(X=C1,only)
In the present work complexes were prepared by the 
addition of concentrated halogen acids to the oxalato complexes 
described in Chapter IV. It was not found possible to introduce 
more than two molecules of aniline inito the coordination 
sphere of the rutheniun(IIl) ion.
yii
2. EXPERIMENTAL..
Analyses for the halide complexes are given in Table 1.
In general,, the complexes were prepared by warming the oxalato-com— 
plexes with concentrated halogen acids until the product crystallised. 
The solutions were only warmed for about two to three minutes on a 
steam bath as prologned heating led to another product being formed 
(see 2.5)o The aniline ligands are apparently less labile than the 
oxalato— groups. The bromide complexes were much more soluble in both 
aqueous and organic solvents than those of the chloride. The only 
iodide prepared was very soluble in organic solvents, but sparingly 
soluble in water. The anilinium compounds were much more soluble in 
organic solvents than the salts of the other cations. The chloride 
and bromide complexes could be recrystallised from halogen acids 
(4-M), but the iodide decomposed. All the compounds were dried in 
vacuo over calcium chloride and were stable in air.-
2.1. Anilinium compounds.
Anilinium bis(oxalato)bis(aniline)ruthenate(IIl) hydrate 
('2g.) was dissolved in concentrated (8m) halogen acid ( 15ml.) and 
warmed for 2-3 minutes on a steam bath until the product crystallised 
out. The suspension was allowed to cool and the crystals of 
[AnilK][Ru(aniline) ,  (X s Cl, Br,, I) filtered off. They were 
washed with ice-cold water, then with an ethanol-water (1:3) mixture. 
In the preparation of the iodide complex the reaction mixture was 
not warmed as this led to decomposition of the product. The method 
was used to prepare complexes with several substituted anilines as 
ligands.
When the bromide complex was being prepared from the 
o-toluidine oxalato- complex a bright red compound separated. 
This quickly re-dissolved to yield a brown solution from which 
a brown solid separated. All the bromides were brown. Even when 
the red solid was rapidly filtered off it quickly turned brown, 
(see ChajJter if 3. 3* l) •
2.2 Caesium compounds.
Potassium bis(oxalato)bis(aniline)ruthenate(lll) 
dihydrate (2g.) was dissolved in concentrated (8m ) halogen acid 
(HX,X=Cl,Br) (20ml.), containing excess caesium halide ( 3g«) 
The solution was warmed on a steam bath for 2-3 minutes until 
the product crystallised out. The suspension was allowed to 
cool and the crystals filtered off. They were washed with water 
then ethanol. The compounds were soluble in water but not in 
organic solvents.
2.3* Tetramethylammonium compounds.
Potassium bis(oxalato)bis(aniline)ruthenate(III) 
dihydrate (2g.) was dissolved in concentrated halogen acid 
(8k ) containing excess tetramethylammonium halide ( *fg.) 
(X=Cl,Br). The solution was warmed on a steam bath for 2-3^i~ 
nutes until the product crystallised out. The suspension was 
allowed to cool and the crystals were filtered off. These were 
washed with water then ethanol. The chloride complex wa.s 
recrystallised from dilute(2M) hydrochloric acid. The compounds 
were soluble in water but not in organic solvents.
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2.4-. Pyridigiurn compounds.
The product from 2*1. (the bromide with aniline as 
the amine ligand) (Ig) was dissolved in pyridine (10ml.) and 
ether was added. This precipitated shining orange crystals 
which were filtered off and washed with ether.
2.3» Reaction of compounds prepared as in 2.1 with halogen acids.
In an attempt to introduce more aniline molecules into 
the coordination sphere of the ruthenium(lll) ion, the product 
from 2.1. (the bromide complex^ with aniline as the amine ligand) 
(l.g.) was added to a solution of concentrated hydrobromic 
acid (8M) (25ml.) containing excess anilinium hydrobromide(3g*)• 
The solution whs warmed on a steam bath for 30 minutes during
which time black needle-shaped crystals analysing as
[AnilH]^[Ru^Br^3 formed. These were filtered off, after cool­
ing the suspension, and washed with water and ethanol. The 
chloride complex did not form unless the reaction mixture was 
boiled for one hour. Deep red crystals formed on standing-for 
24- hours. The chloride complexes have not been investigated in 
this work.
Attempts to oxidise the compounds with chlorine were 
unsuccessful, owing to the ease of formation of chloro-substi- 
tuted anilines.
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3. RESULTS AND DISCUSSION.
3.1. Conductance measurements*
The molar conductances of the compounds in aqueous and, 
in some cases, ethanolic solutions are given in Table2.
Table 2.
—3 oMolar conductances of 10 M solutions at 25 C»
COMPLEX A (mho cm2/g* csole) SOLVENT
AnilHCRuCaniline)^!^] AO. 16 C.H-0H 
2 5
AnilH[Ru(aniline)^Br^D A A. 66 C^H_0H 2 5
Cs [Ru(aniline)^Cl^] 105.AO H2°
Cs [Ru(aniline^Br^] 109.30 h 2°
(CK_) ^ [ R u  (aniline) 2C1^] 21^0 111.AO H2°
(CH^)^N[Ru( aniline ^ Br^] 101.AO H2°
The usual range of molar conductances for different 
electrolytes in water and ethanol are given in Chapter 21 ,
Table 1. From the observed values, all the complexes seem to 
be 1:1 electrolytes in agreement with the formulae based on the 
analytical data. The compounds all decomposed slowly.in solution 
with increasing molar conductances.
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3*2. Magnetic measurements.
The atomic susceptibilities^^, and the effective 
magnetic moments of the compounds at room temperature
are given in Table 3»
The values (at room temperature) of the compounds
containing coordinatedaniline are in good agreement with the 
values found for ruthenium(IIl) ammine and amine compounds 
(see Chapter ijT, Table 3) • Thus they are assigned a spin-paired 
d electronic configuration. The bromide (Section 2.5) showed 
only the absorptions due to the anilinium cation in its infra­
red spectrum, and its analysis(see Table l) indicated a formu­
la, [AnilH]^[Ku^Br^]. The value per ruthenium atom was
found to be 0.73 B.M„ at room temperature. This suggests that 
the compound is not magnetically dilute.
The compound could either be a "crystal aggregate"
of stoichiometry [AnilHBr]^[RuBr^]^ or the anion in
CAnilHU r-CRuLBr D could have a structure:5 3 *. ±4
0*^ ^
with each ruthenium atom in oxidation state (III) and having 
octahedral coordination. This second structure seems more 
probable as the "crystal aggregate" formulation would be un­
likely to give the reproducible analyses which were obtained 
(see Table l).
The u value of the ruthenium(IIl) ions would be eii
reduced by intramolecular antiferromagnetic interactions.(2.p.^38) 
These would be possible in the anion shown above due to the 
presence of bridging bromine atoms. Antiferromagnetic interac-
/ -j r a \
tions have been shown to exist in the complex K^CRuClj.], 
and a dimeric structure with bridging chloride atoms has been 
proposed. An alternative linear structure for the anion 
[Eu3BrIif] containing metal-metal bonds is less likelyf since 
such a structure should lead to diamagnetism. However, the 
source of the low moment is not yet known. A triangular arran­
gement of the ruthenium atoms does not fit the stoichiometry
of the complex*
A series of compounds has been claimed by Gutbier 
(148)(1A9)
and co-workers to be of formulae:
[ N R ^ C R u X  3 ; [NR2j]Z|>[RuX73 ,v [NR HD^RuBr^]
and [NR Hl^CRuBr^] where R = Me, Et, n-Pr
and X = Cl, Br
These were made ^ by heating the amine hydrochloride 
with the corresponding ruthenium trihalide. The five- and seven- 
coordinate ruthenium complexes seem rather improbable.
ISince the compound [AnilH] ^ [Ru^Br^] has only just 
been obtained, its magnetic properties have not been examined 
over a range of temperatures. This should be done along with a 
re-examination of the compounds prepared by Gutbier*
j
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3«3» Infra-red spectra.
The infra-red absorptions associated with the amino- 
groups are given in Table 4,
The equilibrium conformation of the aniline molecule 
is not definitely established. E v a n s h a s  found considerable 
indirect evidence that although the lone pair of electrons on 
the nitrogen atom is delocalised to some extent, this deloca­
lisation is not so great as to produce a planar molecule. The 
effect of substituents in the aromatic ring has been studied by 
Barvinok and co-workers^"^They suggested that the values of 
the force constant f of the N-H bonds and the HNH angle & 
of the amino- group in aniline ane determined by interaction 
between the unpaired electrons of the nitrogen atom and the 
delocalised electrons of the aromatic ring. The following 
scheme was proposed.
Withdrawal of the
unpaired electrons of
the nitrogen atom by
the aromatic ring. 2
Formation of sp
Reduction of electron __ lower f
density of the nitrogen 
atom.
, , , .. _ .( increase f
hybrid orbitals — 7 )
., . , ( increase 0on the nitrogen v
atom.
For £-and £ -substituted anilines, the positions of the two 
NH stretching frequencies rise to higher energies as the subs­
tituent becomes more electron accepting. For m- substituted 
anilines the shift is less marked.
effect on f and 0 of the formation of a nitrogen-metal bond by 
the following scheme:
Thus it is predicted, that the two NH stretching frequencies 
and the NH^ deformation frequency should decrease on coordina­
tion. The CN stretching frequencies should also decrease on 
coordination because of the lessening of the double bond 
character of the carbon-nitrogen bond.
spectra of aniline complexes with metal(Il) halides in various 
symmetries (square-planar, octahedral and tetrahedral). The
The effect of coordination to a metal has also been 
discussed by Barvinok and c o - w o r k e r s i n  terms of the
Reduction of electron
density on the 
nitrogen atom
^ lower f
Production of
nitrogen-metal bond
Removal of sp 
hybridisation
2
flower f 
^lower 0
(119)Jungbauer and Curran have studied the infra-red
NH^ stretching and bending frequencies decreased by about 
- 1 - 12C0-100cm and 50cm respectively, on coordination. The
-1medium intensity band at 1277cm in free aniline, assigned
to the CN stretching frequency, was lowered 70 - *f0cm ^ on 
coordination, simultaneously losing intensity. A strong sharp 
band in the 118^ - 1010cm ^ region was assigned to the NH^ 
wagging absorption. In the spectrum of aniline, Evans^*^1) 
assigned the wagging or inversion frequency to a weak broad 
band at 670cm "**• Absorptions attributed to the NH^ rocking 
vibrations were reported in the region 700 - 568cm"’^‘i Studies
/ "j c'vN
by Quagliano and co-workers of some bidentate ligands
containing an arylamino- group, have indicated a correlation 
of shifts in the high frequency stretching vibration (antisym­
metric) on coordination with the strength of the metal-nitrogen 
bond.
(14-6)Butcher has shown that the values of the NH
stretching frequencies are strongly dependent on the stereo­
chemistry of the complex. He also found that in general the 
values of the CN stretching vibration and of the NH deforma- 
tional and wagging vibrations decrease in complexes of the 
type M(II) (aniline) in the order Cl)> Bry I. He also 
suggested that 2:1 and f^:l complexes may be distinguished by 
the values of their NH^ wagging frequencies. Haigh and 
co-workers (-^^) }iave studied a number of substituted aniline 
complexes of zinc, cadmium and mercury halides. In the case 
of the zinc and mercury complexes there seems to be no clearly 
defined relationship between NH stretching frequencies and the 
Hammett <r functions of the amines but a linear relationship 
exists between the <r function and the CN stretching frequency.
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In all the compounds of the type R[Ru( aniline) .pX^  3
(where X = Cl,Br,l) and R = AnilH,Cs, (CH..). N) studied in this
work, the v(NH), ^(NI^) and v(CN) frequencies are all lowered
on coordination compared with free aniline (see Table and
Fig. 1&2). Also the results here agree with those of Butcher^^^
namely that values of the CN stretching vibration and of the
NHg deformational and wagging vibrations decrease in the order
Cl/ Br'} I. This effect takes place irrespective of the cation
present in the complexes.(seeTable k). In the anilinium compounds
there are two peaks in the NH^ wagging • region. The lower one
-1of these, at about 1100cm , does not change position on changing
the halide in the complex and is therefore probably an anilinium
vibration. It is not present in the spectra of caesium or tetra-
methylammcnium complexes (see Figs 1 and 2). Changing the cation
does not greatly affect the position of the v>(CN) vibrations
for any halide system. The NBL deformation frequency is affected2
by changing the cation, but the effect varies with different
halides(see Table A). The NH^ wagging vibration increases in
frequency in the order AnilH^(CH^)^N<^Cs for all halides. The
NIL, deformation band occurs near a ring stretching band in the 
-11600cm region. In the complexes the NH^ deformation band is 
readily identified, since its shift on coordination is much 
more marked than that of the ring stretching vibration (see 
Fig. 1 and Table A).
3 :> N VJL-L t IM s N Va J.
Cu
Ll.
Uf
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In some of the complexes, the asymmetric and symmetric
NH absorptions are accompanied by one or more other absorptions
/ \ (1 +^6)(.see Figs. 1 and 2 ). It has been suggested by Butcher and
(T55)
other workers, that these extra bands are unlikely to arise from
CH stretching modes and are more likely due to hydrogen bonding bet­
ween the anions and the hydrogen atoms of the amino-groups. There 
seems to be no definite pattern to this effect. For instance in the 
halide complexes with tetramethylammonium cations, the chloride complex, 
shows three peaks and the bromide only two.
The distinctive anilinium peaks are as mentioned before} 
the NH stretching vibrations associated with the NR + group at about 
2,600cm~ , the out-of-plane C-H bending vibration at about 7A-5cm 
and about 1100cm (see Fig. l)
Two-distinctive tetramethylammonium bands can be observed 
in the complexes containing this cation. In the spectrum of
C(CH_),N]I Ebsworth^"^ has assigned bands at 129^ nnd 9^6cm to 
5 4
the CN+ stretching vibration and the CH7 rocking vibration respective-
—1ly. Bands at about 1200 and 950cm can be assigned similarly in the
complexes (see Fig. 2).
In the pyridinium compound bands distinctive of the cation
—Iare present at I63O, 1530 and 1327cm as found by Gill, and co-workers 
( T ^7}
(see Fig. 2). There are no strong bands in these positions in 
the spectra of pyridine or pyridine complexes.
Nod distinction can be made between cis and trans complexes 
by examination of these infra-red spectra.
3.k Visible and ultra-violet spectra.
The visible and ultra-violet spectra of the halide 
complexes were measured in 0.1N halogen acids, and by diffuse 
reflectance. The spectra, are shown in Figs. 3 nnd The posi­
tions of the various peaks and shoulders in the spectra are 
given in Table 3»
It can be seen from Fig. 3 that changing the cation 
from caesium to anilinium hardly affects the solution spectra 
at all. However changing the halide from chloride to bromide 
changes the spectra radically with respect to the positions 
of the peaks and their intensities. The reflectance spectra of 
the complexes basically follow similar patterns to those of the 
solution spectra (see Fig. ^). However, the reflectance spectra 
of the bromide complexes are very similar for the caesium and 
anilinium compounds, but the spectrum of the tetramethyl- 
canmonium complex is different. The anilinium and caesium com­
pounds are brown and the tetramethylammonium compound is 
crimson. Although there are minor differences between the 
solution and reflectance spectra of the compounds, the gene­
ral number and position of the peaks are the same and do net 
suggest dissociation in solution. However some hydrolysis 
does appear to occur, which alters the lower energy region of 
the solution spectra, particularly of the bromide compounds. 
This effect is discussed later.
.Table 5
Shoulders and 'absorption maxima in the visible and ultra-violet 
spectra of the aniline-halide complexes*
COMPLEX
AnilH[Ptu( aniline) 2^1^]
AnilH[Ru(aniline)^Br^]
Cs [Eu( aniline.) ^ l ^  3
Cs[Ru(aniline)^Br^]
T V 2 A'
[CH^]^N[Ru(aniline)^Br^
')\Kax (cra~^ ) £.Ma-
• ,,-1 -Reflectance Solution M cm
36,AGO AO,COO 15,560
31,8oo(sh) 36,800(sh) 9,920
28,300 30,050 2,750
2A„6oo 28,500(sh) 2,08c
21,00C(sh) 26,000(sh) 930
13»500(sh) 21,600(sh) 135
33,AOG(sh) 36,800(sh) 13,0A0
27,200(sh)
23,950 2A,A00 2, Aoo
21,700
19,000 20,70c 1,153
12,OOO(sh)
AA,200 AC,000 16,800
• 35,800 36,800(sh) 10,720
31,200 29,950 2,986
28,AGO 28,50G(sh) 2,320
23,500(sh) 26,000(sh) 9A0
21,80C(sh) 21,600 162
13,500(sh)
A5,950 36,8oo(sh) 9,920
' 57,Ago
27,200(sh) 2A,Aoo 2, AA8
23,500
21,500 20,800 1,205
19,500(sh)
. 13,200(sh)!
0 AA,:200(sh)
37,000(sh)
29,200
27,900(sh)
2A ,Aoo
21,800(sh)
13,AOO
A5,A00
36,5CG(sh)
27,OOO(sh)
21,800
19,800
17,200
ll,.600(sh)
IX
Table 5«1
Shoulders and absorption maxima in the visible and ultra-violet
spectra of the aniline-halide complexes in 0.1N halogen acids 
after one week.
—1 c* -1 -1
COMPLEX 7*Max (cm ) G-Max M cm
AnilH[Ru(aniline)^Br^] 20,700 7,380
Cs[Ru(aniline)^Br^] 20,600 3,360
AnilHCPu(aniline)2C1^ 30,600 2,A60
26,800(sh) 1,100
21,500(sh) 280
CsERu^niline^Cl^] 50,600 2,A80
26f8C0(sh) 1,100
21,500(sh) 320
(sh) = shoulder
From the intensities of the peaks in the solution 
-1spectra above 22*000cm p they cannot initially be assigned
to d-d transitions. Crystal field d-d transitions generally
-1 -I (I39.p209) 
have maximum extinction coefficients of 200 - 300M cm
In the bromide complexes the peaks in the solution spectra at
about 20,800cm increase rapidly on ageing until after a i^eck
they obscure most of the other bands. Thus although they have
low extinction coefficients initially, and might be assigned
to d-d transitions, they must in fact be charge-transfer bands
associated with some decomposition product in the complex
(see Table 5*1)• Charge-transfer electronic transitions have
v 3 - 1  -l(139*n209)extinction coefficients ^  10 M cm . * The decomposition
or hydrolysis appears to be much slower in the chloride com­
plexes with 110 definite decomposition peaks growing on ageing 
but nevertheless all the peaks gain in intensity and change 
position slightly (see Table 3»l)«
The shoulders at about 21,600cm in the chloride
-1 -1
complexes have extinction coefficients of around 150M cm 
which only appear to double in value during one week. It seems 
unlikely that these peaks are due to charge-transfer transi­
tions with such low extinction coefficients. They probably
represent spin-allowed d-d transitions. The ground term for a 
5
spin-paired d electronic configuration in octahedral symmetry
2
spin-allowed,the excited term must be a doublet too:-
-j
is a T^ term(see Fig. 3)• If the transition observed is2g
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In the reflectance spectra of the bromide complexes the 
shoulder near 19*500cm \  probably represents a similar tran­
sition. The excited term cannot be assigned with any accuracy 
because there are a number of higher energy doublets(see Fig.5). 
The absorption might not represent a single transition as it 
is possible that the excited terms are of similar energy. In 
any case a purely octahedral energy-level diagram as in Fig. 9 
is inaccurate for use with these complexes. The molecule is 
bound to be distorted from octahedral symmetry by the ligand 
ine quivalenc ies.
In the reflectance spectra of all the complexes there
—1
are shoulders of very low intensity between 11,600-13,500cm .
In the complex [(CH ). N][Ku(aniline) Cl.]2E 0 the absorption
5  + d  Hr d
appears as a well-resolved peak. These absorptions are absent
in the solution spectra as the concentrations could not be
made great enough to observe them. Since they are of such low
3L 1intensity probably with £<^10M cm , they can be tentatively
assigned as due to spin-forbidden d-d transitions. Again, the
exact assignment of the exited state is difficult for reasons
mentioned above, but the transitions is probably to a quartet
state (see Fig. 5)>i*e. ^ 2 g -- ^
In the solution spectra of the halide complexes
the peaks between 2A,000-26,OOOcm*”^  have extinction coefficients 
3 - 1 - 1^ 10 M cm , thus representing some form of charge-transier 
transition. In the spectra of many halide complexes of the 
second and third transition series,charge-transfer bands have 
been assigned in the visible and ultra-violet regions as
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arising from a halogen to metal electron-transfer. Fig.6 represents
the molecular orbital diagram for an octahedral complex with bo.th 
(139,,'p. 193)tY and j{ bonding. The -bonding involving metal p-orbitals
is ignored. If ligands such as halogens are considered, their pc-Tv 
orbitals are filled. This causes the metal p electrons and the 
ligand p electrons to fill up all the levels below the 7  ^ -anti­
bonding orbital. Thus the d electrons, in this case five of them, 
have to go into the -orbital. Thus electron-transfer can take
place between the filled mainly ligand7?-orbital to the partially
a afilled t * level or the level above it, the a level.
2g g
A  *r; 0- O  X
Fergusson and co-workers have assigned a band at
about 25?, 000cm”" ^ in the spectra of ruthenium(IIl) complexes of type
[RuCbipy^X^UX, (X = Cl, Br, X) as a halogen -> e^ transition.
They also noticed a shift in the band to higher energy in the order 
Cl y Br y I, which reflects the decreased reducing power of the 
halide.
In the complexes studied here, the band in the solution
-1 -1spectra moves from 2^ ,^ 000111 to 26,000cm on changing from bromide 
to chloride. This agrees with the increased reducing power of the bro­
mide ions causing less energy to be involved in the transition of
cl cl •halogen -e . Whether an e or t_ acts as the excited state is
& g g 2g
difficult to determine. The band at slightly higher frequency (in the.
reflectance spectra only, as in the solution spectra of the bromide
complexes no extra band was found:see Table 5?)»follows the same shift
higher energy on changing from bromide to chloride, i.e.about
—127»200 - 28,500cm . Again an exact assignment of this band
cannot be made with any authority, as apart from distortion
effects, the aniline ligands begin to absorb in 28,000cm region
Aniline is not ejected to give rise to much ^ -bonding
between it and a metal atom as the benzene ring does not form
a completely delocalised system with the nitrogen donor vatom
as is the case in pyridine. Also as mentioned in Section 3*3
the ring tends to reduce the electron density on the nitrogen
atom. All the bands above 28,000cm~^ are probably associated
with the internal electronic transitions of the aniline molecule 
*
of the T\ ^  type. In the spectra of the ethylenediamine
complexes of the type H^0[RuX^en], (X = Cl,Br,.l), obtained by
(59)
Brcomhead and co-workers, a similar trend exists in the
peaks between 23»000 - 30jOOOcra’"'^': i.e. the bands decrease
in energy in the order CI'/Br. These peaks can probably also
be assigned as arising from halogen — £ metal electron transfers
On cooling the solids to liquid nitrogen temperature
and recording their reflectance spectra, the shoulders and
peaks were resolved more clearly. All the peaks moved slightly
to higher energies. Cooling the complex reduces the metal-
ligand vibrations causing a narrowing of the absorption bands.
This also reduces the metal-ligand bond length thus increasing
the value of the ligand field splitting energy lODq. From an
examination of Figs. 5 and 6 an increase in lODq would shift
a.
both the. ligand field d-d transitions and the halogen e^ 
transitions to higher energy.
CHAPTER 6
ANILINE COMPLEXES OF RUTHENIUM(Il)
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1. INTRODUCTION.
As mentioned in Chapter 1, amine complexes of
ruthenium(Il) are more common than those of ruthenium(lll).
However, it is interesting to note that although [Ru(en) ^ DX^.
(X=Cl,Br) v'^,'^is well characterised and its ruthenium(III)
analogue is unknown? the ruthenium(Il) analogues of
CRuCen^X^lX have not been preparedf^^ Using NN*diphenyl-
ethylenediamir.e = (L), bis-amine complexes RuCD^X^ (X=Cl,Br),i
can be prepared, but not the tris- analogues, although the
method of preparation is the same as that of ERu(en)_DX^- 3 2
steric factors seem to determine the stoichiometry of these
(160)complexes/
Many comp? exes with heterocyclic bases and with 
ammonia have been prepared (see Chapter 1,Table k)• In general, 
ammine and amine complexes of ruthenium(II) are prepared by 
the action of the base on ruthenium trichloride in the pre­
sence of an external reducing agent such as zinc dust.
Confounds of heterocyclic bases are usually prepared by the 
reaction of excess ligand and ruthenium trichloride, the 
heterocyclic base acting as the reducing agent.
Complexes containing anilines as the only organic 
ligands have not been prepared previously.
2. EXPERIMENTAL.
Since the general method of preparing amine and ammihe 
complexes of ruthenium(Il) is to react the ligands in the presence 
of zinc dust with ruthenium trichloride, this method was tried with 
aniline. No pure products could be isolate using the free base or the 
amine hydrochloride. The action of excess aniline on ruthenium trichlo­
ride, in the hope that aniline would act alone as the reducing agent, 
was also tried, but again no pure products could be isolated.
The following method were then developed to prepare both 
kil and 6:1 aniline and subsituted aniline complexes of ruthenium(Il)• 
The analytical data for the complexes are given in Table 1.
2,1 Hexakis(aniline)ruthenium(II) dichloride.
Anilinium tetrabromobis(aniline)ruthenate(III) (2g.) 
was dissolved in aniline ( 15ml.) to form a brown solution. This was 
warmed on a steam bath for 2-3 minutes until the solution turned crim­
son. After standing for 2k hours the pale yellow crystals were filtered 
off and washed with ethanol a.nd ether.
This method was used to prepare 6:1 complexes with m-tolui- 
dine and p-phenetidine, but the pale yellow complexes were precipitated 
with ether.
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2.2. Dibromo-tetrakis(o-toluidine)ruthenium(Il).
o-Toluidin&um tetrabromo-bis(o-toluidine)ruthenate(III) 
(2g.) was dissolved in o-toluidine (15ml.) to form a brown 
solution. The solution was warmed on a steam bath for 2-3 
minutes until the solution turned crimson. After standing for 
?.k hours the purple-red crystals were filtered off and washed 
with ethanol and ether.
This method was used to prepare & "*f:l complex, with 
m-chloroaniline but the complex was preciptated with ether*
2.5. Dibromo-tetrakis(aniline)ruthenium(ll).
A weighed sample of [RutanilineO^iBr^ was heated on 
a thermobalance to approximately 350°C. The thermogram showed 
a point of inflection at about 110°C \vhen the weight loss 
corresponded to the amount of aniline required for the forma­
tion of Ru(aniline^Br^. Two further points of inflection were 
also present in the thermogram at higher temperatures, but 
these did not correspond to the formation of stoichiometric 
compounds'.
Another weighed sample of [Ru(aniline)g]Br2 was 
then heated isothermally at 110°C until no more weight loss 
was recorded on the thermogram. The compound was then allowed 
to cool under a stream of nitrogen to room temperature.
The compound was purple, and was indefinitely stable 
if stored under nitrogen and kept at below 0°C.
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No complex could be isolated when excess o-pheneti- 
dine was added to AnilH[Ru(aniline^Br^]. A deep purple solu­
tion formed from which no solid compound separated.
The methods described above are only applicable with 
anilines which are liquids at room temperature. No work was 
carried out with solid anilines but possibly repeating the 
above methods at the melting temperature of the required 
aniline would be a viable method.
Initially a solution of AnilKCRuCaniline^Br^] in 
ethanol containing excess aniline was tried but no pure pro­
ducts could be isolated. A number of different organic solvents 
were tried out but all led to impure products.
The chlor? r'1es were difficult to isolate as the 
anilinium chloro- compounds were much less soluble in the 
various anilines, and the yields were always, very small. All
the compounds were stable if kept under vacuum in a refrigera­
tor. The 4:1 compounds were stable for a longer period in air 
than 6:1 complexes. No direct method (other than the thermo­
balance) was found to prepare 4:1 complexes which initially 
formed complexes with 6:1 stoicheioraetry under the conditions 
of the preparation. Similarly with ligands which initially 
formed 4*1 complexes no method of forming the 6:1 analogues 
was found.
All attempts to oxidise the ruthenium(II) complexes 
to their ruthenium(IIl) analogues were unsuccessful.
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Oxidation by bromine or chlorine produced dark blue 
solids which were found to contain large amounts of brominated 
or chlorinated anilines. Oxidation with cerium(IV) salts again 
produced impure dark blue solids* Perchlorate and brornate 
oxidations led to similar products. Since [Hu(NH^)^]C1^ is pale, 
yellow and [Ru(NH^)g]Cl^ is white, [Ru(aniline)^]C1^ would be 
exx^ected to be white or a pale yellow colour.
The ease of oxidation of the ligands probably exi-jlains 
the failure to obtain pure ruthenium(IIl) compounds.
3. RESULTS AND DISCUSSION.
3*1* 6:1 complexes.
No conductance measurements were made on any of the 
complexes as they were insoluble in all common solvents. On 
heating the complexes with organic solvents dissociation took 
X^lace, forming dark blue solutions. The p-phenetidine complex' 
was slightly soluble in nitronethane at room temperature.
3.1.1. Magnetic measurements.
t ,j
The atomic susceptibilities anc^  t^ie effective
magnetic moments u of the conraounds at room temperatureeff
are given in Table 2.
The u values are between 0.3 and 0.6 B.M., in 
eff
6agreement with a spin-ijaired d electronic configuration, 
i.e. with these being ruthenium(II) complexes.
The residual paramagnetism in tho comiolexes is
probably due to the small temperature independent contribution,
which arises from the "mixing-in" of paramagnetic higher energy
(2: n. if 21)levels in which thermal distribution does not occur. 'r 
This contribution is normally in the order of 100x10 ^c.g.s./mole, 
thus in complexes where there are one or more unpaired electrons 
it is usually insignificant,Since the diamagnetic corrections 
are of a similar order of magnitude the errors in their calcu­
lation will affect £he value ofX^» This makes the exact values 
of the feeble paramagnetism unobtainable.
Table 2
Magnetic data for the 6:1 complexes.
COMPLEX.
Diamagnetic 
X  A r correction r 
(c.g.s.u.xlO )( c .g.s.u.xlO ) T°K B.M.
[Hu(aniline)g]Br^ 77.8 437 295.0 0.43
[Ru(m-toluidine^ ]Br., ^  0<6l
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3*1.2 Infra-red Spectra*
Infra-red absorptions assigned to the amino- groups 
are given in Table 3* The general features of the infra-red 
spectra of the 6:1 complexes are similar to these of the 2:1 
ruthenium(IIl) complex spectra, but there are some major dif­
ferences.
On coordination, the values of the NH stretching 
(vNlOjNHg deformation or scissors bending (SnH^) and CN 
stretching (vCN) frequencies are lowered compared with the 
free amine v a l u e s ( s e e  Table 3 &nd Fig- l)« The .IIH^  
deformation band occurs very close tc a ring stretching band 
in the l600cm*"^ region. It is only in the p-iihenetidine. corn-
(IkS)plex that the two ban^s can be distinguished. Butcher has
noticed a similar effect when studying the perchlorate and 
fluoroborate 6:1 complexes of nickel(II). Since in the 2:1 
ruthenium(III) complexes the two absorptions are v/ell separated 
this is a distinctive difference between the two types of 
complex.
-1
The intense absorptions m  the 1100cm region can
(119)be assigned to the NH^ wagging modes. These are at slight­
ly lower frequency than those of the 2:1 ruthenium(IXXK r
complexes. In all the 6:1 complexes there are three bands
—1
between 3? 100 and J>,k00cr:i (see Fig. l) ; the two outer 
bands are moderately intense and the central band much weaker. 
The 6:1 perchlorate and fluoborate complexes of nickel(II) 
showed only two bandsabut the thiocyanate and selenocyanate 
complexes showed often more than three bands between 3?200
. *
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-1and 3,500cm . Only two NH stretching absorptions are expected
in this region and it was suggested that in the nickel com­
plexes the extra bands arose from hydrogen bonding between the
(146)(155)amino- groups and the anions. It is difficult to
assign which two bands of the three represent the assymetric
and symetric NH stretching vibrations. In most other aniline-
metal complexes the two NH stretching frequencies are close
together i.e. within 100cm ^ (-^6) (119) lowest frequency
NH stretching absorption (for an aniline-metal complex)* pre-
—1(119)viously recorded was in Pt(aniline)^I^ 3185cm. Since
the lowest band of the trio in the 6:1' complexes is in the 
-13»15Acm region, the two higher frequency bands seem most 
likely to represent the NH stretching absorptions (see Table 3) • 
The third band is probably due to hydrogen bonding. The v(CN) 
bands are obscured by the CO absorptions in the p-phenetidine 
complex, but in the other complexes the absorptions in the
4
—  11220cm” region can be assigned as due to the v(CN) stretching 
frequency. In the m-toluidine complex there is evidence of a
4
higher frequency band at 1260cm ^ which could also be a v(CN)
(146)mode. This effect was also observed by Butcher.
Although no pure chloride conrplexes were isolated an 
impure sample of nRu( aniline ^ DCl^ showed peaks in exactly the 
same positions as its bromide analogue.
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Table 3
Amino- group absorptions in the 6:1 complexes (cm
NHg stretch NH^ ^  NH^
COMPLEX Antisym S.ym " Deform Stretch Wag
[Ni(aniline)g][BF, ](2 3333(m) 3270(m) 1601(b)* 1232(w)
[Eu(aniline)63Br2 3325(m) 3220(w) 3125(m) 1595CsT 1220(w) 1105(b)
[RuCm-tolui&ine^lBrp 3330(m) 323G(w) 3lA0(m) l600(sT 1260(w) 1110(s)
b ^ 1210(w)
[Ru(p-phenetidine)glBr^ 33^0(m) 3220(w) 3130(m) 1590(s) -
* NH^ deformation absorption superimposed on ring absorption.
(s)=s strongj. (m) = medium? (w)= weak
Table h
Peaks and shoulders in the visible and ultra-violet spectra 
of some ruthenium(II) complexes*
Reflectance Solution 6
COMPLEX 7\Max (cm"1) . i ^ c n T 1
T163) 
(163)
R u ( M j / + 35,200 k5 XT n
3 D 0C;7OP Chr
Ru(en)_2+ 33,300 350 TT n
5 nr\r\ n R n  n ou
25i30c 5A0 2
33,300 350
26,700 280
[Ru(p-phenetidine)g]Br2 28 500
22,Ago 22,Ago 20c ch5no2
[Ru(aniline)/-]Br 27,300
d 22,000
[Ru(m-toluidine) G-lBr 27,200
d 21,800
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3»1«3 Visible and Ultra-violet Spectra.
The complexes show two distinct peaks of similar 
—1
intensity below 30,000cm in their reflectance spectra (see 
Table A and Fig. 2);
6
When the energy level diagram for a spin-paired d 
complex with octahedral (0^) symmetry^'^'^ is examined (see 
Fig. 3)» it can be seen the two bands could represent the 
sx-jin-allowed transitions:-
1T
^  1r
\ e   >
If the bands represent spin-allowed d-d transitions
the extinction coeffxcients would be expected to be in the 
—1 —1range 10 - 300M cm . Only one complex,, [Ru(p-phenetidine)g]Br^
was sufficiently soluble for an estimate of its extinction
coefficient to be made. An initially colourless solution of
the complex in nitromethane rapidly turned purple as the complex
decomposed. The extinction coefficient for the 22,k00cm
maximum was found to be 200M ^cm but that for the higher
energy maximum could not be obtained as the solvent absorbed
strongly in that region. No other solvents could be used without
-1
decomposing the comp)lex. A third maximum at about 18,000cm in
the solution spectrum grew rapidly in intensity 011 standing.
It arjpears in the reflectance spectrum as a slight shoulder on
ageing of the sample and must be assigned to a decomposition
-1product. The peak at 22,A00cm in the solution spectrum of 
CRu(p-phenetidine)^]Br2 is duplicated in the reflectance
li-
Ill
spectrum (see Table k), The higher energy x^ak appears to be 
cf similar intensity,which does suggest that they can both be 
assigned to spin-allowed d-d transitions. Since the other 6:1 
ccnrplexes have refledtance spectra showing peaks in similar 
positions with similar intensities ,they iDrobably arise from 
spin-allowed d-d transitions. Peaks in the sx>ectra cf the salts 
cf [Ru(en)^]^+ and £Ru(NH^)g]^+ .ve also been assigned as due 
to span-allowed d-d transitions (see Table If).
At liquid nitrogen tenrperature the two x^eaks in the 
spectra move to higher energies. This may be explained from the 
energy level diagram (see Fig. 3) • The metal-ligand bohd length 
is reduced on cooling, due to a reduction in the pox^ulation of 
the various excited vibrational levels; this increases the value 
of lODq and hence the energy difference between the grouxj term
A_ and the two lowest excited terms, (see Fig. 3) •
J-S / -i \
It has been shown that changes in energy for the
transitions can be rexxresented by :-
E( 1A1  y ) = lODq - C (i)
E( 1A — f 1T2g ) = lODq + l6B - C (ii)
B and C represent interelectronic rexpulsion para­
meters' for the d electron system. The ratio C/B has to be
specified,or the energy level diagram in Fig. 3 cannot be
d^ comple:
(l6l)(162)
g
constructed. For spin—paired  plexes this ratio is
normally assumed to be four.
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From equations (i) and (ii) it can be seen that the 
separation in energy between the two levels is l6B. This by 
assuming C/B = b and using equation (i) the value of lODq 
i.e. the ligand-field splitting energy, can be found.
The results of these calculations on the complexes 
studied here are given below:-
COMPLEX lODqcm 1 B3 cm"1 C cm'
[Ru(aniline)^]Br2 23,300 330 1330
[Ru(m-toluidine)g]Br2 23 i 200 3^0 1330
CRu(p-phenetidine)^]Br 23,900 380 1330
These values of lODq compare very favourably with 
those previously formed for other hexakis ruthenium(Il) systems:
COMPLEX IQBq cci-1
- (163)
[Ru(en) j 28,500
3
- (163)
[Ru(NH )6!T+ 28,000
[Eu(^0)6]2+(11) 21 >000
These values place aniline ligands between water 
and ammonia in the spectrochemical series, this is in agree­
ment with the conclusions reached by B u t c h e r f r o m  a study 
of nickel(II) hexakis(aniline) complexes.
114
(122)Phillips and co-workere also found that lODq
of the complexes increased with increasing pKa (basicity) of 
the aniline. Only three complexes of ruthenium(II) have been 
srtudied here, but there appears to be a similar correlation.
V  ( l6 ^>pKa
Aniline 4.60
m-toluidine 4.70
p-phenetidine 5*20
The lODq values for aniline and m-toluidine are very
similar, in agreement with similar pKa values. The lODq value
for the p-phenetidirve complex is greater than for the other
two ligands,and so is the pKa of the free base.
Since the free ion value of B for ruthenium(Il) has
been estimated as 620, the ratio B/B° (where B° is
the free ion value) can be calculated. This ratio is consi- 
(T 6 s)
dered a rough guide to the covalency of a metal-ligand bond.
In the case of the ruthenium(Il) complexes the ratio is about 
O.^j indicating a highly covalent bond.
An impure sample of [Ru(aniline^g^Cl^ showed peaks 
in the same positions as those of the bromide, but were less 
intense.
3.2 Complexes*
No conductance measurements could be made on any of 
the A:.l complexes as they were insoluble in all common sol­
vents* On heating the complexes with organic solvents decompo­
sition took place and deep-purple solutions formed.
3*2.1 Magnetic Measurements.
The atomic susceptibilities the effective
magnetic moments 1* £.£ of the compounds at room temperature are
given in Table 3* These values are in agreement with a spin- 
6
paired d electronic configuration,, (see Section 3.1.1).
Table 5*
Magnetic data for the -^:1 complexes.
X A  Diamag. ]LQtf
COMPLEX. (c.g.s.u.xlO^) correction. T°K B.M.
Ru( aniline) 205; 7 315 295.5 0.70
Eu( o-toluidine) j^ Br^ A6.0 kll 29^.0 0.33
Ru(m-chloroaniline). Brp 117.0 k29 296.5 0.53
3.2.2 Infra-red Spectra.
Infra-red frequencies assigned to the amino- groups 
are given in Table 6. As observed for the 2:1 and 6:1 complexes
4 4
the values of the v(NH), SC-NH^) and v(CN) modes are lowered on 
coordination. In contrast to the 6:1 complexes, but like the 
2:1 complexes, the NH^ deformation bands are clearly separated 
from the ring stretching modes which occur in the l600cnf’^  
region. In the *f:l complexes studied here the intense bands
lib
117
-1
at about 105>0cm (see Table 6 and Fig, 4) are assigned to
the NH^ wagging modes. In the case of the complex
Ru(o-toluidine)^Br2 the band is split into two. It appears that
the 4:1 complexes can be distinguished from the 2:1 and 6:1
complexes by the frequency of the KH^ wagging modes. There is
also a sharp band at about 1000cm ^ in the spectra of the
4:1 complexes which does not occur in the 2:1 or 6:1 complexes.
What this band arises from is difficult to assign. In general,
the distribution of the NEL, wagging modes may be used as
tentative evidence to distinguish between the 2:1, 4:1 and 6:1
(146)complexes. This conclusion was also reached by Butcher
for nickel(II)-aniline complexes.
The NH stretching vibrations give two peaks in the
3,300 - 3»400cm ^ region. There are no other bands between 
-13,100 3,500cm which could confuse the assignment of the
v(NH) bands as in the 6:1 and some of the 2:1 complexes.
The complex R u ( a n i l i n e s h o w s  a single peak in 
the 1200 - 1300cm region which can be assigned to the CN 
stretching vibration. In the other two complexes, two peaks are 
observed, the higher of which might suggest the presence of 
uncoordinated ligand. These also occur in the 6:1 complexes 
However, in neither the 6:1 ror 4:1 complexes are there NIi 
stretching bands which could be associated with the free amine.
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3>2«3 Visible and Ultra-violet Spectra*
The very similar diffuse reflectance spectra of the 
three complexes are given in Fig* 3 Table 7* No solution 
spectra could be obtained due to the insolubility of the com­
pounds. Assignments of the bands are difficult but some tenta­
tive conclusions can be reached.
Even if the two main peaks in each spectrum represent
spin-allowed d-d transitions they cannot immediately be assigned
1 1 1 1 
to A, — ^  Tn : A_ — V T_ transitions as in the 6:1 lg / lg Ig / 2g
complexes. This is because the possibility of distortions arise
from changing the symmetry from 0^ (as in the 6:1: complexes)
to either trans- or cis (^^y^ ^ ese complexes.
From far-infra red studies (see Chapter 7 ) it seems probable
that the complexes have a trans structure.
Thus, if the tetragonal distortions are large enough 
£
a simple spin-paired d energy-level diagram (see Fig. J>) 
constructed for complexes with 0^ symmetry, is not sufficient 
to describe the spectra. In descending symmetry to the * * ■
ground state ^A. remains an orbital singlet, but the excited
.L g
1 1sta.tes T_ and T? ^ will split into two levels, an orbital
-L o ^ O
singlet and an orbital doublet(see Fig. 6) £-^9-P».235)
There are two pieces of spectral evidence which
can be used to indicate whether the distortion is large enough
to make the energy level diagram applicable. Firstly, if
1 l athe two peaks correspond to the transitions A^ — ^ E^
1 1and A_ — ^ A- (see Fig. 6), the lower energy band might 
lg f 2g
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Table 7
Absorption maxima in the visible and ultra-violet reflectance 
spectra of the 4:1 complexes.
COMPLEX A  Max (cnr1)
Ru(anilineD^Br^ 28,50C(sh)
24.200 
18,400 
13,^00
RuCo-toluidine^Br^ 29»000(sh)
23„800 
l8,00G 
12,200(sh)
7,900
RuCm-chloroaniline^B^ 26,000(sh)
22.200 
18,300 
12,100
8,800
(sh) = Shoulder
±<z±
be expected to be the more intense of the two since it repre­
sents a transition to a doubly degenerate level i.e. it is more 
allowed than the transition to the higher energy singlet level.
If the distortion is small the two peaks represent transitions to 
two triply degenerate levels,thus the peaks would be expected 
to have similar intensities. This argument has been used by
(165)Jorgensen to establish the trans structure of some salts
of [RhXO’x^Clb,]" in whose spectra the intensities of the peaks 
were different indicating large distortions.
In the spectra of the 4:1 complexes the lower energy 
peak is the more intense of the two as expected for a trans 
(D^) structure with considerable tetragonal distortion.
The second piece of evidence is the movement of the 
peak positions on cooling the complexes to liquid nitrogen 
temperature. -*-n all three cases the peak in the 24,000cm *"
region moved to higher energy whereas the peak around 18,000cm ^
did not move or moved to lower energy. This effect is expected
3.
if the splitting of the T-, state is grea.t enough to cause
J-O
1 athe E state to be almost parallel with the ground state on 
S
increasing the value of Dq (see Fig. 6).
Thus both pieces of spectral evidence indicate that 
the tetragonal distortions are large enough to make the D
4h
energy level diagram applicable (see Fig. 6).
It has been shown that the energies of the various 
transitions in the low spin d^ complexes with symmetry arP*f^
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Energy,E
1a1s 2S lODq - C Splitting of
1Alg  ---^ 1Eg lODq - 35/h Dt - C Tlg = 35/W>t
Now Dt is related to planar and axial fields lODq.
and lODq respectively) by the equation:- z
Dt = y1 ( -^ Q,xy *" DcLz ^
Dt has been defined by Moffitt and Ballhausen.
Splitting of the lower state ^T^ has been observed
(l67)
in many spin-paired cobalt(III) complexes and in some
ruthenium(Il) complexes^9) (168) ^  ^  splitting of
the upper T? p has been recorded.
O
The energy of the transition to the A_ level is a
function of the Racah parameter C. Thus to evaluate Dq and
z
Dq J it is necessary to calculate C. This can be done by
xy.
referring back to the parent complex i.e; the 6:1 complexes,
and assume that the values of the .Racah pare meters do not
3
change. If the spin-forbidden transition to the T. level can 
be observed, then since its energy is lODq - C may
be evaluated as half the separation between this transition and 
the first spin-allowed transition [ E ^ A ^  — ) = lODq - CQ. 
In fact no spin-forbidden transitions were observed in the 
6:1 complexes, so C was calcu.lated by assuming C/B = k,
(see Section 3*1»3)*
Now for spin-paired d^ complexes^^^
Dq ^ = 0.1C E(XA2 Z- h lg)] + C - 1.75Dt
Thus the values of Dq and Dq can be found.ncy
Since bromide ligands, are well below water in the
. . . .  . (139: p. 24-2) . . .spectrocaemical series, * and aniline appears to be
between ammonia and water (see 3*1»3)» Bq is expected to be
much greater than Dq , thus explaining the tetragonal distor-z
tion.
-1m  the 4:1 complexes the bands at about 24,000cm 
(see Table 7) £md about l8,000cm are assigned to the transi­
tions ^Ap and  "> *^ Ea respectively. In com-
ig *  ^ &
plexes of the type trans-bromo or dichloro- [1,2 - bis- (diphe-
nylphosphine)ethanol]ruthenium(Il) splittings of the ‘^ IL state
j-g
i
are as large as 9,000 - 10,,000cm . For the complex
Ru(aniline^Br^j C can be assumed to have the same value as
C in [Rutaniline^DBr^, i.e. 1325cm No hexakis- complexes
corresponding to the other complexes have yet been made but since
C does not vary much for complexes with anilines of similar
—1
pKa values (see 3*1*3) a value of C = 1,300cm was used.
The results of the calculations are given below*.
Dq and Dq represent the ligand-field strengths of the 
xy z
aniline and bromide ligands respectively.
xy
cm~
Dt
-1cm
£ sl&-
-1cm pKa
Ru(o-toluidine)^Br^ 251-0 663 1350 4.4-5
Ru(m~chloroaniline)^Br2 2350 bb6 1570 3.^ -6
RuC.aniline^Br^ 2553 ■ 663 1390 b, 60
There appears to be an increase in the value of 
Dq-jjywith increasing values of pKa of the ligand. Also, as 
noticed by B u t c h e r a n d  Goodgame^'J"^'^ there seems to be 
an increase in the amine ligand-field strength on changing 
from [M(aniline)g]^+ to [M(aniline)^X^] with weak axial donors. 
The shoulders in the spectra, between 26,000 and
—128,000cm (see Table 7) ore assigned to the transition 
1 1
Alg — ^ ^2g ,’*’n w 1^^ c 1^ no splitting is observed.
In the o-toluidine and m-chloroaniline corni^ lex
spedltra ,two low intensity and low energy peaks are observed
(see Fig. 5)* .In the aniline conqplex a single broad shoulder
appears. These peaks are probably due to spin-forbidden tran-
1 3 '
sitions: but whether they arise from ^ Ig an(^
H g  ~ - > 3 V ° r  \ g  a n d  1 a i e  — > 3 A 2 g ' W h e r e  t h G  \ i S
level is split,is difficult to say since neither peak moves 
on cooling the complexes to liquid nitrogen temperature.
CHAPTER 7
FAR INFRA-RED SPECTRA
/
1.INTRODUCTION.
One of the most important uses of far infra-red
spectroscope is in establishing the structures of metal complexes
where there are several possibilities e.g. in distinguishing
between cis and trans BEL^X^ octahedral complexes. Far infra-red
spectroscopy can be used on s0lids and solutions.
The method is based on a study of the low frequency
skeletal vibrations of the complexes, especially metal-halide
stretching frequencies. Group theory can be used to define the
various normal vibrations of a particular molecule in terms of
(lAlf)
irreducible representations of the symmetry group. A
vibration is active in the infra-red spectrum if the dipole 
moment of the molecule is changed during the vibration. By 
examination of the character tables for particular point groups, 
a vibration (defined by its irreducible rex>resentation) is 
infra-red active if it belongs to the same species as one of 
the components of the dipole moment. The correlations of nor­
mal modes for various possible point groups encountered in
(170)this work are given in Table 1. Thus the number of
far infra-red bands expected, for particular types of vibrations
(say metal-halide stretches) in particular molecules may be
predicted, then checked with the experimental results. A very
good exami-ile is the identification of cis and trans isomers of
RhCl_(py)._ by Clark and Williams.
3 3
Table 1
Correlation of normal modes for O ^ D ^ ,  T^ and
  (V ------
(s) Ax (E) Alg(E) A1(I.E)
(s) E (E) A (E)+B_ (E) A, (I,E)+A,(B)
g lg lg 1 2
(s) F1(I) A2(I)+E(I) A (I,B)+B1(I,B)+B2(Ii.B)
(b) F^l) A2(I)+E(I) A (I,K)+B (I,.R)+B (IrR)
(b) F (E) B, (E)+E (E) A.,(I-,R)+B (X,E)+B0(I„E)2g 2g g 1 ' 2
(b) F2(-) E2 (-) +E(I) A2(E)+B1(E)+B2(I,E)
S  — — ............ ?
(s) A^R) A (I,R)
(s) E(E) A (I,R)+A (R)
(s) f2(i,b) a1(i,e)+b1(i,b)+b2(i,b)
(b) F (I,B) A1(I,E)+B1(IsE)*B2(I,E)
(a) From :r eference (170) ; (s) = stretching mode ;
(b) bending mode j (I) = Infra-red active 
(B) = Bamon active }, (-) = inactive.
sym. I.R. I.R.
group v (M-CI) active v (M-py) active
cis octahedral RhCl_(py)_ C A- + E 2 A _ + E  23 3 3v 1 1
trans *'* ,r C 2A^ + 3 2A^ + 3
-1
In fact four bands were found between 200-Jf00cm for 
this cis molecule,and six were found for the trans,, following 
the group theory predictions. In fact only the stretching vibra­
tions are considered,as the bending and deformational bands are
(171)thought to be too weak to observe.
Metal-halogen stretching vibrations are usually 
established by comparing the absorptions of chloride/bromide 
and iodide complexes of the same structure. Then the metal- 
halogen bands will change from spectrum to spectrum,, but the 
bands associated with the other ligands will remain.in approxi­
mately the same positions. The ratios ^(M-Br)/v(M-Cl) and
v(M-I)/v(M-Cl) are usually in the region of 0.77 &nd 0.65
■ • (170)respectively.
Several workers(-^9)(1^6) kave established that in
nickel(Il)-aniline complexes of various structures,the nickel-
halide stretching vibrations occur in the following regions;
v(Ni-Cl) 236-2Jf3cnT:L, v(Ni-Br) lSOcnT1,, vCNi-ld^cnf1. Some.
tentative metal-halide stretching vibrations have been assigned
in amine complexes of ruthenium(II) and (III) complexes.
Broomhead and co-workers^^) have assigned bands at 330~269cm
and 2^2-205cm~^ to v(Ru(IIl)-Cl) and v(Ru(III)-Br) modes, in
the complexes cisCRuX^ten^DX^ and [phenH] [RuX^ , (en) ] , (X=Cl,Br).
Similarly Lewis and co^workers consider the v(M-Cl) vibrations
130
in [RuCbipy^Cl^lCl and [RuCbipy^Cl^ClO^ to occur in the
region 338-31 Bern’"'*', and in Ru(I>)_Cl, (L=py, (3-picoline, X-pico-
—1 (77)line) complexes in the region 3^6-290cm • Very little work
(77)has been done on ruthenium(II)-amine complexes, but Lev/is
has assigned v(Ru(H)-Cl) vibrations in RuL^Cl^ , (L=py, p-pico-
—1
line,, Y~P3-c°l.:Lne), complexes to the region 335-295cm . Simi­
larly D a v i e s h a s  assigned v(Ru(Il)-Br) vibrations in the 
130-170cm ^ in the complexes Ru(L)^Br2, (L=py, p-picoline.) .
Information on metal-nitrogen vibrations is rather
(171)limited. Clark and Williams have assigned peaks in the
200-287cm~**‘ region to metal-pyridine stretching vibrations.
These workers have also studied some cobalt, nickel., and zinc
halide p-toluidine complexes, and have suggested that metal-
p-toluidine stretching frequencies for these complexes lie
below 200cm \  B u t c h e r h a s  assigned strong bands around
200cm ^ in nickel(Il)-complexes of varying stoichiometries to
nickel-aniline stretching vibrations. In some tetrahedral
—1cobalt(II) complexes bands around 230cm have been assigned as
cobalt-aniline stretching vibrations. This increase in frequency
on changing from nickel to cobalt has also been found in the
(171)analogous pyridine conrplexes. Wo ruthenium-amine vibrations
have been assigned previously. However in the complex
[Ru(KH_)r]Cl_ the v(Ru-NH_) stretching vibration has been 3 0 3  3
assigned at ■^63cm'"'^ ,
131
For complexes with ijolyatomic non-linear ligands,
it is possible to have torsional and deformational modes of
vibration, in addition to skeletal stretching and bending modes
of the molecule. For primary aromatic amines, torsional vibrations
of the NH^ group may occur in the region of the metal ligand
vibrations. In the spectrum of liquid aniline E v a n s h a s
-1assigned a. band at b90cva. to the first overtone of the NH^
torsional mode. Also a band at 390cra~^ was assigned to a
deformation sensitive to.-- substitution on the nitrogen atom.
A number of bands in the spectra of[Nii(substituted aniline)g]
-1[BFjjJ^ complexes in the ^00-400cm have been assigned to NH^
torsional modes, or to other internal modes of the amine which
have been lowered in frequency or made infra-red active on
coordination. No assignments of the bending J(aniline-M-
aniline) modes have, been made in this work. These are normally
/
expected to be at much lower frequencies than the v(M-aniline) 
stretching vibrations.
If mull spectra are measured,, it is possible that 
ambiguities may arise in some cases because of splitting of
degenerate bands by solid state interactions. It has been
(171) . . .shown that the far infra-red spectra of some pyridine
complexes measured in solution and as mulls were essentially
the same, but the frequencies in solution were about some 
-110cm higher.
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2.RESULTS AND DISCUSSION.
2.1. . 2:1. Aniline complexes.
The far infra-red spectra of both the' caesium and 
anilinium salts of [ R u ( a n i l i n e ) ,(X=Cl,Br), were studied.
It was expected that the caesium compounds would give simpler 
spectra as they contain a metal cation. From examination of 
Fig.l and Table 2. this can be seen to be the case.
Since the compounds are of the octahedral MX^L^ type 
they can have a cis or trans structure. The number of infra-red 
active stretching vibrations for the two symmetries are given 
in Table 1 and shown below:-
No. of active ' No. of active
sym. v(M-X) I.R. modes v(M-L) I.R.- modes
trans M X , D. A  +B_ +E 1 A_ +A_ 1A 2 q-h ±g lg u 1 2u
cis MX4L2 ^  2A1+E1+B2 * A1+Bx 2
Fig.l shows that the caesium compounds have two bands 
between 200 and 3^0cm~\ In both the chloride and bromide com­
plexes a band occurs around 235cm~"S and, since it does not 
appear to move much on changing from bromide to chloride, it 
can be assigned to a v(Ru(IIl)-aniline) stretching vibration. 
This leaves one unassigned peak in each spectrum.in the 200-3if0cm 
region. The peak at J>0hcm~^ in the chloride spectrwmis assigned
to the v(Ru(IIl)-Cl) stretching vibration and the peak at 
—1221cm in the bromide spectrumto the v(Ru(IIl)-Br) stretching 
vibration. Since, only two infra-red active bands are expected 
for trans MX^L^ complexes, the caesium compounds are assigned 
this structure. This would perhaps be expected since the
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oomjjounds are made from the complexes R[Ru(III) (cnilinegCOx^D
r|- *f* \
2R^0t (R=K ,AnilH ), which have been assigned trans structures.
This leaves two strong peaks in both spectra around 
350 150cm”'*' respectively. The band at 350cm”'*' could arise
from an aniline torsional or deformational mode. The band 
around 150cm **" aould be due to lattice effects causing certain 
modes to become infra-red active, or due to a bending 
S’(M-M-N) mode, but this is difficult to say.
Solutions measurements were prevented by poor solu­
bility of the complexes.
The spectra, of the anilinium compounds are more
(119)complicated. Curran and co-workers haVfe observed strong
bands in the spectrum of anilinium chloride at 470 and 397cm ^
—1Similarly,- bands at 476 and 392cm were found in this work.
In the spectra of the complexes bands at around 472 and 375cm *■ 
were found which presumably represent anilinium vibrations. The 
bromide comxjlex spectrum is almost exactly the same as that 
of its caesium analogue (see Fig.l).The bands of the 
AnilHCjRuCaniline^Cl^D spectrum analogous to those at 232 and
n
304cm” in the caesium compound are split into two (see Fig.l). 
Whethef ••these are due to a different symmetry, solid state 
splittings or anilinium vibrations is difficult to say. Again 
solution spectra of these comx->lexes could not be obtained.
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2.2. 6:1 Aniline complexes.
In the spectrum of [Ru(a n i l i n e o n l y  two bands
—1 —1at 229 and 187cm are observed below 300cm ,(see Fig.2).
Only one infra-red active stretching vibration is expected
for regular octahedral molecules,(see Table l), namely that
associated with the triply degenerate F ^  mode,which band
represents the v(Hu(Il)-aniline) stretching vibration is
difficult to say. Although in the cobalt hexammines changing
from the trivalent to divalent state lowers the v(M-NH_)
p
-1stretching frequency by 130cm this has not been shown to
(170)be a general trend over other metals. A band occurs in
the spectrum of Bu(aniline^Br^ at 227cm’*'*' (see 2; 3) but not
—1 —1around 187cm , it seems likely that the band at 229cm in
the 6:1 complex represents the v(Ru(Il)-ianiline) stretching 
vibration* The 187cm”'*' band could represent a ^ (N-Ru(Il)-N) 
bending mode but this seems unlikely as it is more intense
-1 (l46)than the 229cm band. Butcher found two bands m  the
spectra of [Ni(substituted aniline)^][BF^]^ complexes and 
suggested that complexes of high symmetry would be more suscep­
tible to solid state effedts * causing splitting of the degene­
rate modes. The complex [Ru(p-phenetidine)g]Br2 also shows two 
bands at 20A and 171cm”'*' (see Fig. 2).
In the spectrum of the 6:1 aniline complex a
-I . .
strong band at 371cm is observed. Butcher observed a similar
*-1band at 3?2cm” in the complex [Ni(aniline)g][BF^]^ which he 
assigned to an NH^ torsional mode or another internal aniline
Ui<  cq
o
to
"3*
o
o
R
ot".to
§to
oK>
to
o
<r
o
N
O
O
cr
R
o
!2
0
0“
,o
T«o
o
to
ct 
Ui 
<0
%3
Z
Ui
><
5s.
FI
G-
. Z 
 ^
FI
G
:5
. 
FA
R-
IN
FR
-A
RE
D 
SP
EC
TR
A 
OF
 
TH
E 
4=
1 
S( 
fe'
-l 
C
0M
P
LE
X
E
5
138
mode# Similarly a band analogous to the 3X5cftT*‘*' band i-h the 
6:1 p-phenetidine complex spectrum was observed in the nickel(II)
analogue. Xu all cases the free ligand did not absorb in the
* . , - (146)far mira-red region.
2.3* 4:1 Aniline complexes*
The peaks in the far infra-red sp>ectra of these com­
plexes are difficult to assign as no chloride analogues of 
the Ru(aniline)^Br^ were prepared. Also no v(Ru(IJ)-Br)
stretching vibrations have previously been assigned. However, 
from the spectra of RuCpy^X^* (X=C1,Br,I) , and RuCp-picoline)^^
(160)obtained in this laboratory, Davies has been able to
assign bands between 130-170cm~^ to v> (Ru(Il)-Br) stretching
(171)vibrations. Clark a^d co-workers have found that metal-
halogen stretching vibrations usually give more intense bands
-1than metal-nitrogen vibrations. Thus the strong band at 143cm
in the spectrum of Ru (aniline )j!3r 2 can be assigned to the
v(Ru(ll)-Br) stretching vibration. There is also a weaker
peak at 227cm ^ which could represent the v(Ru(II)-aniline)
stretching vibration (see Fig.3)» These two bands are the only
significant absorptions in the 300-100cm ^ region. Since only
two skeletal vibrations seem to be infra-red active the complex
must have a trans structure (see 2,1). This evidence is
in agreement with the visible and ultra-violet spectral
-1
assignments. The other two peaks at 396 and 356cm are
assigned to internal aniline modes. Peaks in very similar
positions in the spectra of Ni(aniline)^X^,(X=C1Q^ ,1)
(146)have been assigned by Buteher to internal aniline modes.
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Assignments of the spectrum of RuCm-chloroaniline^Br^
are more difficult as the bands are much weaker. However, there
-1 -1are peaks at 234cm and 154cm which can be tentatively 
assigned as v(Ru(II)-m-chloroaniline) and v(Ru(Il)-Br) stretch­
ing vibrations respectively. The strong peak at 263cm ^ also 
occurs in the spectra of NiCm-chloroaniline^X^ (X=C10^ ,NCO ) 
complexes and has been assigned to an internal ligand vibration.
The spectrum of Ru(o-toluidine)^Br^ is different from
the other two spectra in that it shows no bands between 130-
-1 -1
170cm (see Fig.3)• However, there is a strong band at 123cm,
-1 .
Since there are no other bands between 123 &E-d 230cm it seems
probable that the band represents the v(Ru(ll)~Br) stretching
-1vibration. There is a strong band at 233cm and a weaker one
—1 —1at 228cm • Since the band at 228cm is in the same region as
the other v(Ru(II)-aniline) vibrations,it seems more likely
that this band is due to the above vibration rather than the
band at 255cm . Butcher has found that with ortho-substituted
(146)
anilines the v(Ni(II)-aniline) stretching frequency is lowered.
He suggested that steric effects must be responsible for this.
Thus if the band at 255cm ^ represented the v(Ru(II)-aniline) 
stretching vibration , it would indicate an opposite shift in 
frequency compared with the nickel(II) complexes.
In the spectrum of IhKo-toluidineO^NCS)^, Butcher 
has assigned a band at 252cm *^ to an internal o-toluidine vibration, 
so the band at 255cm ^ in Ru(o-toluidine)^Br^ can be similarly 
assigned.
Thus both the complexes RuCo-toluidine^Br^ and 
Ru(m-chloroaniline)^Br2 can tentatively be assigned trans 
structures on the basis that only two infra-red skeletal 
stretching vibrations are observed (see 2.1).
The Raman spectra of all the complexes will have to 
be obtained before indisputable band assignments can be made.
CHAPTER 8
RUTHENIUM(II) COMPLEXES OF
HETEROCYCLIC AMINES
i.In t r o d u c t i o n.
Many complexes of ruthenium(ll) and (III) have been 
prepared containing heterocyclic amines as ligands. Complexes 
of the ligands pyridine, 2,2’bipyridine and 1,lOphenanthroline 
have been studied extensively (see below).
Pyridine 2,2’bipyridine
Ru(py),Cl (77) CBu(bipy)3]Cl2(7l)
^ (111 ) 
[»u(W )(SH,)JCl <173> CHu(bipy)2Cl2] C l ^
[Ru(py)^(bipy)]Cl2^1^Zf^ [NH^ [Ru(bipy) 2C1^3
CRu(py)2(bipy)2]Cl2 ^‘L^if^ Ru(bipy) 2(ox) •4K20^f1^
1,lOphenanthroline
[RuU,10phen),]Cl_(7l)
j ^
CRu (1, lOphen) Cl2] Cl 
[NH^3[Ru(1,lOphen)C1^3 ( )
Ru(1,lOphen) (O x ) l)
Most early studies were concerned with the syntheses
/15 S) (1^5 S) (77^
of these compounds. Recently, spectral , magnetic, and
( T
oxidation-reduction studies have been carried out. These
enabled critical comparisons to be made between the ruthe- 
nium(II) complexes/and their iron(Il) analogues.
Although the complexes of 2,2’bipyridine and 
1,lOphenanthroline have been studied, no ruthenium(Il) com­
plexes containing other ligands with thea-diimine group, 
-N=C~C=N-, have been reported. It was hoped to prepare a
number of complexes with such ligands and compare them with 
their iron(Il) analogues. Many tris and bis iron(ll) compiexes 
have been prepared with such ligands as:-
Ligand Fe(Il) complex
CH_ OH-
1 5  1 3
ok, ■ . c c ,
\  N ^  W
Biacetylbfs(methylimine)
CH3 [Fe(C6H12K2)3]I2
.N
H:
!'( i CH.
•N* N~
2-Pyridinalmethylimine (P.M.I.)
0 =b= N
2 2
[Fe(C?EgK.) jl2*K20
H
\  =  L L  jl Fe(Cl4HlifNif)Cl2.xH26177)
'N XN
Bis-(2pyridinal)ethylenedi amine (B.P.E.)
CH CH^
Q .  - “A - O
• Biacetylbis(anilimine)
Fe(ci 6Hi 6 V xcl2
(176)
N. N CH3 Fe(ci2Hi o V 2cl2
(178)
2-pyridinal-p-tolyiimine(2.P.p-tol)
JLH-H-
Fe(ll) complex
[Fe(C12H9N3)3][G10if]^179) 
2-(2-pyridyl)benzimidazole (2,2.P.B.)
The effect of substituents, in the aromatic rings
and in the R ! position in the group C = N - r , on
N 1?*
the spectral properties have been studied by Krumholz.^^
2.EXPERIMENTAL.
The method used to prepare the complexes containing
two bidentate amines and one oxalato group was basically the
(41)same as that used by Bailar and co-workers to prepare
[Ru^^-(bipy)2(0x)] *4H20. The analyses for the complexes are 
reported in Table 1.
2.1. Qxalatotetra&js(pyridine)ruthenium(ll) hydrate.
[NH. 3 _[Ru(Ox) _,] • 1. (2 g.),. was refluXed with
4 3 3 ^
pyridine (10ml.) for three hours. The solution turned dark 
brown. After cooling, the solution was shaken with chloroform 
(100ml.). This mixture was filtered to remove the solid oxa­
late impurities and evaporated to small volume under reduced 
pressure,, carbon tetrachloride was added and the solution eva­
porated under reduced pressure until yellow crystals formed.
Ligand
These were filtered off under nitrogen and washed with ether.
The solid was recrystallised from a chloroform-carbon tetra­
chloride mixture. The compound was stored over calcium chloride 
as it was hygroscopic.
2.2. Dichloro-bis(pyridinal)-ethylenedijmineruthenium(II)hydrate.
To an aqueous solution of K^CRuCl^H^O)], (ig. in 157ml.)
(177)excess bis(pyridinal)ethylenediimine (3g») was added.
The solution turned deep red-purple, and small, very dark 
crystals with a metallic lustre formed. These were filtered 
off and washed with small amounts of ethanol and ether.
2.3» 0xalato-bis-2-(2-pyridyl)-benzimidazole)ruthenium(Il)hydrate.
A mixture ~*f K^[RuCl_(H^O) ] (lg.) and potassium2 p 2
oxalate (l.5>g*) in water (JfOml.) was heated on a steam bath
(179)for one hour. A solution of 2-(2-pyridyl)benzimidazole 
(l.lg.) in ethanol (10ml.) was added,and the mixture refluxed 
for three hours. The solution turned a deep-purple colour and 
on cooling purple-black crystals axjpeared, which were filtered 
off and washed with water, ethanol and ether.
2.b* 0xalato-bis(2-pyridyl-x^-tolylimine)ruthenium(II)hydrate.
A mixture of K^[RuCl_(ELO) 3 , (lg. ) and x>ota.ssium 
2 z> 2
oxalate,( 1 . )  was heated in water (40ml.) on a steam bath
/ *1 rj 0 \
for one hour. Excess 2-pyridyl-p-tol^liminc ,(2g.) dissolved
in ethanol (10ml) was then added,and the solution refluxed
i
for a further three hours. A deep-blue solution formed, and 
on cooling for three hours at 0°C blue crystals with a metallic 
lustre formed which were filtered off and washed with water,
a small amount of ethanol, and ether.
Many similar ligands were tried, but the products 
were impure. In general recrystallisation from organic solvents 
was very difficult and the products have to be reprecipitated 
with ether. This always led to impure products. Owing to this 
difficulty a complete study of many different types of6<-diimine 
ligands could not be carried out. However, since the use of 
biacetybis(anilimine) led to the preparation of the aniline 
complexes (see Chapter k),, this study was very useful.
Bail-ar showed how the complex Ru (bipy^Cl^
IIcould be made from Ru (bipy^COx) by treating it with hydro­
chloric acid. This experiment was repeated using the complex 
Ru11(2,2P e B.) (Ox)1H 0.
2.5« Dichloro-bis-2-(2-p.yridyl)-benzimidazole ruthenium(II).
IIRu (2,2P.B. ^ ( O x ^ ^ O  (lg,), was suspended in 
hydrochloric acid (25ml.,6M). The suspension was boiled for 
one hour during which time the suspension turned brownish-red. 
The solid was filtered off and washed with water, ethanol and 
ether.-
Table 1
Ru(py)
Ru(2,2
Ru(B.P
Ru(2.P
Ru(2,2
COMPLEX Ru c H N
(Ox)HO W Cal.) 19. 31 30. 33 if. 20 10.70
w Found) 18.90 30.30 if. ko 10.6
P. B.) (Ox)*H 0 Wo Cal. ) 16.90 52. 20 2.98 lif • 06
Wo Found) 16.90 51. 70 3.30 lif.ifO
E. )C12,H2° w Cal.) 23. 62 39. 23 3* 7*f 13.08
w Found) 2k. 30 38. 80 if. 00 13.20
P-•tol. )2(Ox) *H^O Wo Cal.) 16.88 33. 98 if. 3k 9.35
Wo Found) 16.80 35. 10 if. 30 9.if0
P. b.)2ci2.3H2o Wo Cal.) 16.ko k6. 31 3.89 13.62
Wo Found) 16.oc k6. 80 if.00 13.80
3iRESULTS AND DISCUSSION.
3.1. Conductance measurements.
The conductance of each sample was measured in nitro­
benzene and in the cases of Ru(py)^(0x)H20 and Ru(B.P.E.^Cl^H^O 
in water as well. The results of these measurements are given 
in Table 2.
are non-electrolytes in nitrobenzene confirming the formulae 
found by analyses. The compound Ru(py)-^(0x)H20 is also a non­
electrolyte in water but due to some dissociation its conduct*-. 
ance increases on standing. The compound Ru(B.P.E. )C12H20 
appears to hydrolyse rapidly in water. Its aqueous solution 
is pinh but in organic solvents its solutions are blue.
On standing for 4-8 hours' the conductance of Ru(B.P.E.
Unlike the iron(ll) compound the ruthenium(II) compound is 
highly soluble in ethanol.
Table 2
Complex
o k
10*"^ M solutions at 23 0 ^  mho^/gmole
Ru(py)^ (ox)H2o 1.20 20.30
Ru(B.P.E*)Cl H 0 0. ^ 6 112
Ru(2-2P.B.) (Ox)H20 0.33
Ru(2,P.p-tol)2(0x)H20 0.39
From these results it can be seen that the components
hydrolysis of the iron(II)
(177)analogue has also been observed in aqueous solutions.
3«2. Magnetic measurements.
The magnetic data of the complexes are given helow:-
X a
COMPLEX ° * S'
1 n6s.u.xlO
Diamag. 
correction q 
e.g.s.u.xlO T°K
^ e f f
B.M.
Ku(py)if(0x)*H20 97.5 233 293 0.48
pu(b.p.e.)ci2*h2o 2 1 0 .0 191 297 0.71
Ru(2.2P.B.)2(0x)-H20 1 60 .0 248 297.3 0 .6 2
Eu(2.2P.B.)2C12*3H20 142.0 283 294 0 .5 8
Ru(2,P.p-tol)2 (0x)*H20 77* 8 263 295 0.43
The values of &re between 0.4-0.7B.M. in agree-
ment with a spin-paired d electronic configuration. Thus these 
compounds contain ruthenium(Il).
5.3. Infra-red spectra.
3 .3.I. Absorptions associated with the oxalato- groups.
The symmetry of a single coordinated oxalato- group,
as in the present complexes, i s C ^ i  and the infra-red bands
due to this group can be assigned from the work of Nakamoto on
CCr(NH_). (Ox)]Cl.(lZf^  The bands and their assignments are 
3 M-
given in Table 3*
The oxalate bands in R u ( p y ) ^ ( O x ) a n d  
Ru(2,2P.B. )^(Ox)aH^O were checked v/ith those of Pu(py)^Cl2 
and Ru(2,2P.B.)2C12.3K20.
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5»3»2» Absorptions associated with heterocyclic amines.
The comx>lex Ru(py)^(Ox)• H^O does not contain an 
a-diimine group, unlike the other complexes in this section.
Gill and co-workers have h o w n ^ ' ^  that in pyridine complexes 
each band in the spectrum of pyridine is faithfully reproduced 
with only minor shifts or splittings in the spectra. On this 
basis it is possible to assign some bands as in Table k.
In the region of the spectrum covered in this work a shift in
—1 —1
the band at 1573cm to about l600cm is expected on changing
from the free base to coordinated p»yridine. Thus Ru(py)^(0x)Hl>0 
indicates the presence of coordinated pyridine., For purposes of 
comparison the spectrum of R u C p y ^ C ^  xs also described in 
Table *f. The peak at J^SOcm ^ may be assigned to the v(O-H) 
stretching vibration of the lattice water molecule.
In the spectra of complexes containing coordinated 
a-diimine groups empirical band assignments based on the idea 
of group frequency are not applicable. This is because the chelate 
ring is stabilised by delocalisation of electrons from the 
a-diimine system into the chelate ring. This changes the formal 
band order of several bands, thus altering their vibrational 
frequency. In the case of chelated a-diimines the bond order 
of^metal-nitrogen bond is increased while that of C=N- is 
decreased. This has been shown experimentally by Nakamoto and 
c o - w o r k e r s ^  with work on the complex Fe(G.K.I.)^I^
G.M.I. = glyoxalbis(methylimine).
Table 4.
Absorptions asoociated with, the heterocyclic amines.
Pyridine Bu(py)^ (Ox)•H^O Bu(py)^Cl2
700(e) 695(s) 688(5)
749(s) 761(s) 7^ -6 (s) v2
991(e) 1005(m) 1008(m) v, 
3
1067(e) 1065(m) 1065(ra)
1145(e) 1150(m) 115^ (m) v_ 3
1217(e) 12G5(m) 1215(m) Vg
1436(e) 1kk5(s) 1^50(s) v?
1478(e) 1^80(s) 1^8l(s) vg
v^ = Out of plane C-H deformation.
\>2 = Out of plane ring deformation.
v = Totally symmetric in plane ring breathing mode. 
. 3
^  ~ tt It If ft ff ti it
= 5! ?? " '» C-H deformation.
v6 = M tt if tf it
\>y = Antisymmetric in plane ring deformation.
1
V g  = it tt tt tl
Ru(B.P.E.)Cl *H 0 Fe(B.P.E.)C1 -xH 0 B.P.E. mode
1563(m) 16A-2(m) 1655(s) alkyl v"
1595(s) 1602(s) 1595(e) aryl v"(C: 
/
1529(s) 1572(b ) 1577(b ) ring v(C=
.b
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It was also found that coupling between various band 
vibrations takes place which further confuses band assignments. 
This being the case all previous band assignments must be. 
regarded as tentative. However, qualitative comparisons between 
various metal complexes with similar ligands can be made. It 
has been sltown that in a-diimine complexes containing alkyl 
C=N- groups,egg*
CH, CH_
I 3 \ 3h: i *
l s' *“ C v
- C = N   CH and CH - N\ ^  'O N - CE
IT 3 3 ^
the ”v(C=K)” stretching frequency is lowered on coordina­
tion much more in the complexes of low-spin iron(II) than in 
complexes of other metals, such as cobalt(Il) and nickel(Il)
This is because delocalisjjbion of the electrons in the 
chelate ring takes place much more easily in low-spin iron(Il) 
complexes than in those of cobalt(Xl) and nickel(Il). This is; 
due to the completely filled metal t^ orbitals of iron(Il) 
which can donate electrons into the empty -orbitals of the 
ligr.nd. Also the filledyf-orbitals of the ligand can donate
into the empty e „ orbitals of the metal. This process cannot
8
occur in cobalt and nickel(Il) complexes. Since ruthenium(II)
has the same electronic configuration as low-spin iron(Il),
its complexes with a-diimine ligands should show similar
infra-red absorptions.
The complex Eu(B.P.E.)'C1 «HpO is not exactly simi-
lar to the iron(Il) complex Fe(B.P.E.^I^xH^O prepared by 
(177)Busch as the latter complex was found to be paramagnetic
indicating configuation.Busch
has assigned alkyl(C=N), aryl(C=N) and (C=C) vibrations at
1595 and 1577cm’"'** respectively in the spectrum of frC:0 
B.P.E. In the iron(II) complexe, they are assigned at 1642* 
1602 and 1572cm""*** respectively. These assignments assume an
increase in the bond order of the aryl(C=N) bands inferring an 
increase in electron d^sity in the pyridine ring. The bond order 
of the alkyl(C=N) bonds is lowered as explained above.
In the spectrum of Ru(B.P.E.^l^H^O three moderately 
intense bands and one very weak band are observed between 
1500-170Gcm \(see Table 4). The weak peak at 1630cm ** is assigned 
to the S(0H) deformation vibration of the lattice water mole­
cule. The three i')eaks at 1395j 15&3 an(3- 1529cm ** are assigned 
as the aryl(C=N) and (C=C) modes respectively. Thus similar 
shifts are observed in the B.P*E. complexes of iron(Il) and 
ruthenium(Il). It must be emphasised that these assignments 
have only been made for reasons of comparison. It has been 
noticed that the intensity of the coordinated alkyl(C=N) band
/ *j Q*| \
tends to be weak in such complexes with iron(Il), and the
assignment was made accordingly. The shifts are in fact similar 
to the shifts observed in the loi^-spin iron(II) complex -of;
2-pyridinal methylimine,. [Fe(P.M. I. )
3 2
C=N-CH v P.M. I* is very similar to B.P.E.,, repre- 
N 3
senting half a unit of this ligand. Unfortunately no ruthenium(II)
complexes could be prepared with P.M.I. or bi-acetyl-bis-methyl-
imine. With these ligands iron(II) complexes show striking
differences to other metal complexes in their infra-red spectra.
However, the ruthenium(Il) oxalate complex with 2-pyri-
✓
dinal-p-tolylimine has been made. The bis and tris iron(Il) com-
/1 Op\
plexes were first made by Bahr and co-workers, and later by
Stonfer and B u s c h . jj0 infra-red studies have been reported 
for this ligand but the spectrum should be similar to that of 
P.M.I. The free ligand si ows an alkyl (C=N) stretching vibra­
tion at 16^-Ocm \  but in the complex RuCB.P.p-tol^COx^H^G
the l600-1700cm ^ region is obscured: only a single broad peak
-1 -1
at about 1530cm is observed between 1500-l600cm • Thus band
assignments are really too difficult to make. The halide ana­
logue, RuCB.P.p-tol^Cl^xH^O could not be prepared pure ,so no 
further studies could be made.
Band-assignments for the two complexes Pu(2.2.P.B.)2~ 
(dOH^O and Pu(2,2P. B.) are given in Table 4-. An iron
complex, [Fe(2,2P.B.)^3[C10^] has been reported but no infra-red
(179)
studies were made. However, infra-red studies on a number
of tris and bis metal complexes have shown the bonding to be 
through theX-diimine -N=C-C=N- group,and not via the imino-
(183) (-L84- jnitrogen atom. ^ The ruthenium complexes differ from
the bis and tris complexes such as (2,2P.B.^CuBr^ and
—1(2,2P.B,)_CoBr0 in having a strong band at 153^cm .. This band
3 ^
is probably associated with an alkyl(C=N) vibration and is 
lowered much more on coordination to ruthenium(II) than to other 
metals because of the greater^"-bonding in the ruthenium(Il) 
complex. This assignment is tentative since between 1^50 and 
1650cm"’'*' pyridine ring * benzene ring and N-H absorptions are 
expected as well.
-1A broad peak at 3040cm can be assigned to a super­
position of the N-H stretching vibrations. On coordination the
N-H frequency is expected to be lowered due to a reduction of
/ 1 %
electron density in the imidazole ring. Other bands in
the spectrum do notchange much on chelation but some can be
assigned. In the free ligand the bands at 1283?1153?10^6 and 
-1996cm are characteristic vibrations cf ortho-substituted
pyridines.For a-picoline similar bands occur at 1290,11^7?
1049 and 998cm"’*'. The peaks at 998cm *" is assigned to the
pyridine breathing mode. On chelation it shifts to 1016cm"'*'
consistent with the donation of a pair of electrons from the
pyridine nitrogen atom to the metal. The other bands move to
-11326,1158 and 1053cm respectively. The other bands which can 
be assigned do not move appreciably on coordination.
Although only a few complexes of ruthenium(II) have 
been made, it can be seen that coordination of a-diimine li­
gands to ruthenium affects the infra-red spectrum of the li­
gands in the same way as with iron(Il). In cobalt(ll) and 
nickel(II) complexes different effects are found because of 
weaker "ft -bonding.
3»4> Visible and Ultra-violet Spectra.
The visible and ultra-violet absorption maxima of
the complexes are given in Table
IIThe complex Ru (py)^(0x)H 0 must be separately-
considered as unlike the other complexes it does not contain
theO( -diimine group.
The solution spectra in chloroform and water at room
temperature show very similar absorptions. Both spectra show
4 - 1  -1\two very intense absorptions ( C  10 M cm ) at about 
4'0,000cm ^ and 25v000cm \  Soucek and co-workers have
recorded the spectrum of RuCpy^Cl^ in alcohol, and it shows 
very similar absorptions.
(17 )^
Taube and co-workers have shown that the band
-1 IIat about 23?000cm is characteristic of the Ru -pyridine
species by a study of [Ru(NH ) (py)]+++, [Ru(NH_)c(py)3++,
3 3 3 7
and related compounds. The similarity between the spectrum of
Ru^(py). (Ox) and [Ru^(NH_) (py) ] [CIO. ] is very striking 
4 3 3  4
(see Fig. l). From the intensities of the peaks they must 
represent charge transfer and not d-d transitions.The higher 
energy peak has similar position and intensity to the corres­
ponding peaks of free and protonated pyridine (Fig. l). This
implies that the transition is essentially localised in the
*
aromatic ligand, and is presumably analogous to the 7T - TV 
absorption seen in the free ligand. The different positions 
of the lower energy peak in chloroform and water, i.e.
23?8l0cm ^ nnd 26,320cm \  has bc-en noticed in the Ru^(py) (NH^) 
system, and it has been suggested that these effects v/ould be
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expected if the band represents a metal to ligand charge-transfer 
(173/transition. This is because a metal to ligand electron
transfer leads to a separation of charge in the excited state,
and the energy required for this type of transition should be
esx>ecially sensitive to the environment of the complex ion.
In contrast, a d-d transition in a non-labile comx^lex should
(17^0
show little dependence on its external environment. Taube
has also shown that electron withdrawing groups substituted in
the pyridine ring cause a shift to lower energy in the visible
spectrum. An opposite shift was found with electron-donating
groups. These effects are consistent with an, electron transfer
from the ruthenium(Il) centre into an unoccupied orbital
(presumably tH,e lovest lying7f -anti-bonding orbital) of the
pyridine molecules. This effect seems well proven for the
Ru^(NH^)^(py)** system*, but in the visible spectra of RuCpy^Cl^
and Ru( Soucek^^ has fond the two peaks at almost
the same positions. In spite of this observation there is
enough evidence to suggest that the band in the visible spec-
*
trum of RvL(py)^(0x)E^0 represents a metal to ligand TT orbital
electron transfer.
The visible spectra, of iron(Il) corrqDlexes containing 
the a-diimine group have been of great interest due to the 
intense absorptions caused by the chelate group:—
h  (NH3V
lVAV£NUMB£RKlO~3 CM”'
Fie
a b s o rp tio n  s p e c t r a  of p y r id in e  c o m p le x e s  IN
W A T E R , (S p s d ra , -b x k e w  - f r o m  tfe - f.1 7 3  • ov-cUVuxbe
(176 )
Krumholz was the first to suggest that the
stability and colour of the complexes arose from TT-bonding
between the conjugated ligand and the t? orbitals of the metal
Iron(Il) a-diimine complexes having the characteristic intense
colours have been said to contain the iron(ll)-methine chromo-
phore. The intensity and position of the bands in the visible
spectra have been shown to depend on the number of aromatic
(177)rings and the number of a-diimine groups in the complexes#
In general an intense absorption occurs between 17»000-20t000cra
 *
which represents a ^  ']f electronic transition. Most
of the ruthenium(II) complexes studied have been with
2,2 1-bipyridine and 1.lOphenanthroline, but with iron(Il) many
different ligands s^ch as 2-pyridinalmethylimine and bisacetyl-
(177)bismethylimme have been studied.
The spectra of bis and tris- bipyridyl comjjlexes of 
iron(Il) and ruthenium(Il) have been compared by Fergusson and 
co-workers who assigned a band at about 19?000cm in all
the complexes to a t ^ — ^ XT transition. The iron(Il) transi­
tions were at higher energy than their ruthenium(Il) equivalents 
probably because of the greater stability of the higher oxida­
tion states of the heavy transition metals. These results have 
been confirmed by Kl^ssen and co-workers who studied various 
bis(bipyridine)ruthenium(Il) complexes with different anion^?^^ 
These workers found no shifts on changing the anions which could 
be correlated to the spectrochemical series if the visible 
spectra band represented a d-d transition.
The complex Ru(B.P.E.)Cl_H^O (the B .P.E. molecule2 2
(187)
must be a planar tetradentate molecule for steric reasons )
-1 —1
showed an intense peak at 16,560cm in nitrobenzene, 19,190cm
—1 —1in watery 17j6lOcm in methanol and at 16,130cm by reflec­
tance. The peaks in nitrobenzene , and by reflectance probably 
just represent a change in position of the charge-transfer 
band due to solvent effects. The peak in water and methanol 
probably represents a new transition for the srolvolysed complex
(see conductivity section). Since the intensity of the peak is 
3 -l -1
10 M cm it is likely to represent a charge transfer
*
band,probably a tp — -> 7f transition. The visible spectrum
O
of Fe(B.P.E.)C12 has not been recorded.Similar peaks occur in 
the spectra of 3Ru(2-2P.B. )2(0x)K20 anQ Ru(2P.p-tol)2(0x)H20 
at 17,6lOcmi"*L and l8*000cm’"'1‘ respectively. It is interesting
to note that in FeII(2P.p-tol)2Cl2(l82  ^ and FeI^2,2P.B.'.) ( C I ^ ? ^
~k -1peaks occur at 17,4-20cm and 20,4-lOcm respectively. No real
comparisons can be made as the anions are different in each 
molecule.
Since only a few complexes have been made,detailed 
comparisons of the iron(ll) and ruthenium(II) spectra cannot 
be made.
It is interesting to note that although many com­
plexes with Ni,Zn,and Cu have been made with ligands of the
attempts to make the irbn(Il) complexes as with ruthenium have
been unsuccessful^**^ The complexes have been formed in solution
but they are very unstable due to rapid hydrolysis#"^^ They
-1appear to give a broad absorx^tion at about 17,000cm in the 
visible sx>ectrum.
CHAPTER 9
AMINO-ACID COMPLEXES OF RUTHENIUM(III)
166
1.INTRODUCTION.
Very few amino-acid complexes of ruthenium(IIl) have
previously been reported. Two different types of complex: with
(29)E.D.T.A. have been prepared by Mukaida and co-workers 
Ru(H.E.D.T.A.)*H 0 an-d RuCl(H .E.D.T.A.).H2C.
No simple amino acid inner complexes of ruthenium(IIl) 
have been isolated. Inner complexes of ruthenium(IIl) are also 
generally*rarej the best known one being Ru(acac)^.
In this work attempts to prepare complexes of the
ligands:-
/ K ^ C O C H
H-N-CEL-COGH
COOK
Picolinic acid Anthranilic acid Glycine
were made in order to compare their properties with those of 
the amine and oxalate ruthenium(lll) complexes and also with 
similar complexes of different metals.
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2. PREPARATION OF THE COMELEXES.
Tris (pic plinato)ruthenium (III) monohydrate.
(a) [NH, ].?[Ru(Ox)_3• li3H-0 (2g.) and excess picolinic
j j £
acid (3g*) were dissolved in water (23ml.) and the solution 
boiled for five minutes. On cooling yellow crystals formed 
itfhich were filtered off and washed with water and acetone.
(b) K_[RuCl_(ELO)] (lg.) and excess picolinic acid (2g.)
2 3 2
were dissolved in water and the solution boiled for five minutes. 
On cooling yellow crystals formed which were filtered off and 
washed with water then acetone.
Analysis
Ru *C H N
Ru  ^ ) *^ 'cP requires 20. $3 44.50 2.88 8.63
found 20.7- 44.2 3*1 9-1
The compound darkened in air, but this was due to 
light sensitivity,, since it was indefinitely stable when wrapped 
in silver paper. It was insoluble in water and organic solvents.
Attempts to prepare glycine complexes by methods(a) 
or (b) gave no product. On evaporation of stoichiometric 
aqueous solution impure solids were formed. Using methods (a) 
and (b) with anthranilic acid gave green solids, but these 
could not be purified by recrystallisation.Method (b) was used 
in an attempt to prepare theranalogous 8-hydroxyquinoline com­
plex but again the resulting impure green solid could not be 
recrystallised from organic or aqueous solvents.
Wo)
Wo)
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3.RESULTS AND DISCUSSION
Trig(picolinato)ruthenlum(III)monohydrate
3«1 General
The insolubility of tris(picolinato)ruthenium(IIX) 
monohydrate in water is probably due to the formation of the 
uncharged inner salt# This insolubility v/as noticed by Gorvirf^ 
for the iron(III) analogue tris(picolinato)iron ' monohydrate,, 
prepared by the action of excess picolinic acid on freshly 
prepared ferric hydroxide. Thus no conductance or solution 
spectra results were obtained.
isomer had been obtained or whether a mixture of the two forms 
was present.(see Fig.l)
e.g.s.u. and 2.03B.M. respectively. These values are in agree-
It was not possible to distinguish which geometrical
Fig. 1
3.2 Magnetic measurements.
'he values o f X A and ]r at 294.5 K are 1734x10'
5
ment with a spin-paired d electronic configuration and typical 
of an octeiiedral ruthenium(IIl) complex (see Chapter 4 )
e.g. [NH_];-[Ru(0x) J I . 5H3O ? p
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Unfortunately, no physical measurements have been
carried out on the ferric complex,so it is unknown whether this
complex is spin-paired or spin-free'* It is interesting to note
that the value: at room temperature of the complex is not
o (Sb)
lowered,as in the complex Ru(acac)_ (u = lu 91 301*1 K )•
» 3
But no: critical comparison can be made fas the value was not
measured over a range of temperature. The value of in
Ru(acac)^. is lowered due to low symmetry and electron delocali­
sation effectsl^^
3.3 Visible and ultra-violet spectra.
Only the reflectance spectrum of the complex could be
obtained. This spectrum showed few features,except for a broad
~b -1
shoulder at about 19j000cm and a broad peak at near 23jOOOcm •
The spectrum is very similar to that of [NH^]^CRu(0x)^]l.3*H>>0)
-1which shows a shoulder at about 17j.300cm and a peak near
— T
23j500cm~ .(see Chapter 3*)
No assignments can be based on the reflectance spec­
trum of this compound,but presumably the bands will arise from 
electronic transitions similar to those of [NH^3^.[Ru(Ox)^3l.. 5^2^'
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3*4 Infra-red spectra.
The infra-red spectrum of RuCpicolinic a c r i d ) i s  
shown in Fig.l
By a study of the infra-red spectra of picolinic acid 
and its alkali and transition metal salts, Paris and co-workers
(189)and(190) kave established that in the acid in the solid 
state and in neutral aqueous solution, there exists a. powerful 
hydrogen bond between the pyridine nitrogen atom and the carboxyl 
group.
If the spectra of picolinicacid(a)^ potassium picoli-
nate(b), picolinic acid hydrochloride(c), methylpi'colinate(d)
bis(picolinato)copper(II) (e), [(a)-(e) from ref.(190)] and
tris(picolinato)ruthenium(IIl) monohydrate (f) are compared,the
changes in band positions of the carboxyl groups can be observed
and assigned. The compounds (a),(c) and (d) show a strong band 
—1in the 1700cm region typical of the v(C=0) stretching vibra­
tion in COOH and COOP groups. ^ ^O) rpjie other compounds do not
—1absorb in this region. In the 1600cm region all the compounds
show a number of bands. Now substituted pyridines usually show
—1two ring breathing modes between 1,5&0 and 1,630cm • These ring
modes must be distinguished from any v(C=0) modes which occur in 
this region. Methyl picolinate only shows two bands at 1,577 
and 1567cm~ whereas potassium picolinate shows three at 1608, 
1582 and 1563cm"\ The appearance of the 1608cm ^ band in the
o
UJ
■to c£
p
Cr
30NVJJLlW 5NVaX
potassium salt spectrum is due to the asymmetric stretching
(1^7)vibration of the -COO group . The two lower frequency bonds 
of the ester and the salt represent the ring modes* They are in 
very similar positions in both compounds as the electron density 
in the ring is not a.ffected greatly by the change* In the hydro­
chloride however, due to the change in electron density on pro- 
tonating the nitrogen atom, two widely separated bands appear at 
1,613 and l,52A-cm”^. In the metal chelate spectra the frequency
of the ring modes does not alter greatly but the v (COO)as
stretching vibrations are moved to higher frequency i.e. to
—1 —11,639cm in the copper complex and to }.,680cm in the ruthe­
nium complex.The bands between l,if20-1,600cm”'*' can be assigned 
to ring modes which appear to be sensitive to protonation and 
chelation of the nitrogen atom and to the nature of the substi­
tuent. In the spectra of the potassium salt the .strong band at
- I  -1,395cm can be assigned to the symmetric stretch of the COO
—1group* Bands at 1,3^8 and 1,320cm in the spectra the copper 
and ruthenium chelate respectively may be similarly assigned.
/ n Q r\
Shindo has assigned four bands at about 1,290*
-11,1^5, 1,030 and 1,000cm in a-substituted pyridines to charac­
teristic ring C-H in-phase banding vibrations coupled with a 
ring vibration* These bands have been shown not to alter greatly 
when the nitrogen atom is coordinated to a metal'.’*'^’^ On this 
basis Saraceno and c o - w o r k e r s h a v e  assigned bands at 1,286, 
1,155 , 1,050 and 1,022cm”'*' in the spectrum of tris(picolinato) 
chromium(III) monohydrate to the above modes. Bands at 1,288,
1,1A0, 1055 an(3- 1,015cm can be assigned similarly in the
ruthenium complex. Another characteristic band of a-substituted
pyridines is the C-H out-of-plane bending mode which occurs at
about 750cm”'*’. Since coordination would not be expected to alter
-1this vibration,; the peak at 770cm in the ruthenium complex
spectrum can be assigned to this bending mode. The two peaks
around 3,500cm”'*’ must arise from the v(O-H) stretching mode of
the lattice waiter molecules.
It has been found that for some metal complexes of 
(192)
glycine that as the v (COO) frequency increases theas
(192)v (COO) frequency decreases. It has been suggested that
s
this effect is consistent with^covalent character of the M-0
bond* increasing, leading to a more asynjetric carboxyl group.
Based on the above method the covalent M-0 bond strength of
glycine complexes is said to increase along the series:—
Cr(III) >  Pt(Il) ^  Pd(Il) >  Co(II) >  Cu(Il) >  Zn(Il) >  Ni(Il).
(191)
Saraceno reports two strong bands at 1,665 and
1,330cm”'*' in the spectrum of tris(picolinato) chromium(IIl)
monohydrate which must correspond to the two COO stretching
vibrations. Since the ruthenium complex"shows the two vibrations
at 1,680 and 1,320cm”'*'; i.e. a much greater separation than for
(190)
any of the metal complexes reported by Paris , the Ru-0
bond is the most covalent M-0 bond of any reported picolinic 
acid metal complex.
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